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ABSTRACT 
With interest in the changes that may occur to the carbonaceous portion of biochar obtain 
through the pyrolysis of biomass, the simple interaction between CO2 and biochar with water or 
a mixture of water and ethanol as hydrogen donor resulted in three significant observations. 
These reactions were carried out thermally at 333K and photochemically by simulating energy 
from the sun with a xenon lamp.  
The photochemical reaction involving biochar, CO2 with water or a mixture of water and 
ethanol as hydrogen donor led to a decrease in oxygen content of the parent biochar material, as 
observed by an increase in the H/O and C/O ratios of the product material, and a 20 percent 
increase in heating value. This being suggestive of photo-reduction as assisted by TiO2 or 
silicates present in biochar could be modeled by an aryl lactone present in the complex chemical 
structure of biochar.  
FTIR spectra of the product material obtained after the thermal treatment was also 
suggestive of carboxylation reaction occurring as modeled by the phenol and diaryl ether present 
in the complex structure of biochar. 
Finally this simple process resulted in a significant increase in the surface area of the 
treated materials compared to the parent material. 
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CHAPTER ONE 
1.0 INTRODUCTION 
Carbon dioxide (CO2) is an important greenhouse gas and as a result it has received worldwide 
attention due to its contribution to the problem of global warming. Quite a number of countries 
have agreed to reduce the emission of greenhouse gases into the environment (atmosphere) or to 
a certain degree keep them in their present levels [1]. Concerns about the relationship between 
atmospheric increases in CO2 concentration and the global climate change have resulted in an 
extensive research in exploring ways of limiting its emission and that of other greenhouse     
gases [1]. In comparison with emission from mobile sources, to researchers, mitigating the effect 
of global warming lies squarely on discovering more effective ways of capturing CO2 from 
stationary sources such as coal power plant, natural gas plants, refineries etc [2]. 
According to some group of researchers in an article published in sciencedaily.com [3], the global 
model resulting from the current CO2 emission predicts that “approximately six percent of the 
lizards species will be extinct by 2050 and approximately 20 percent by 2080.” These 
researchers believe that the 2050 scenario is potentially unavoidable due to the outstanding CO2 
left in the atmosphere for decades, but that the 2080 scenario could be prevented by continued 
efforts to reduce CO2 emission.    
The studies by James et al on the “melting sea ice in the Arctic” from the University of 
Melbourne, Australia as published in the journal-Nature [1], reveals that for the past two decades, 
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the rapid melting of sea ice has caused a dramatic increase in the warming levels in the region. 
This group of researchers concluded that the increasing Arctic warming is “a result of positive 
feedback between sea ice melting and atmospheric warming, which is believed to be caused by 
increasing amounts of anthropogenic GHGs.”  
In using recent data from the European Centre for Medium-Range Weather Forecasting, Dr 
James Screen [1] was able to uncover a warming pattern that is consistent with the loss of sea ice. 
In connecting the potential consequences of this warming pattern or global temperature rise on 
animal population (disappearing lizard population), the Science daily journal on nature [3] 
reported that “20 Percent of All Lizard Species Could Be Extinct by 2080”, and that 12 percent 
of the Mexican lizard population had been driven to extinction as a result of the current rising 
temperature. The data collected from 200 different sites by the team of international researchers 
on the population of the Sceloporus lizard population in the country revealed that the rapid 
temperature change was affecting the ability of the lizards to adapt and that many of the species 
are already living on the very “edge of their thermal limits,” thereby making them more 
vulnerable to “climate-warming extinction” than previously thought. 
 Liang et al, [4] reported that 85 percent of the world’s energy need is supplied by the burning of 
fossil fuel. The use of fossil fuels is coupled with the emission of large amount of greenhouse 
gases such as CO2. According to Liang, the ambient concentration of CO2 with reference to the 
preindustrial revolution period of the early 1900s is estimated to increase from 280ppm level to 
450ppm level by 2050 if actions are not taken to mitigate greenhouse gas emission.  
Diaz [5] suggested that improving the efficiency of energy usage and an increase in the use of 
low-carbon sources of energy could be considered as a potential way of reducing CO2 emission. 
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In addition, there is a growing awareness that capturing and permanently sequestering CO2 could 
be a potential for curbing greenhouse gas emission. 
Recent development shows that CO2 capture and sequestration technologies remain a key issue 
being addressed by the scientific community. Research in the area of CO2 capture technologies 
includes techniques such as Pre-Combustion, Post-Combustion and Oxy-Combustion [6-10]. 
Under these techniques various separation methods are employed. These include processes such 
as:  
• Solvent based absorption. A common example is the use of amine in stripping the acid or 
sour gas components of a gas stream. See figure 1-1 below for a process flow diagram of an 
amine acid gas removal unit. 
• Membrane based separation 
• Cryogenic separation 
• Chemical looping and 
• Sorbent based adsorption. 
These separation methods either take advantage of the physical or chemical properties of the 
components to be separated.  
The current state of the art CO2 capture and separation technology widely used on an industrial 
scale is the solvent based absorption process. This involves a gas-liquid contact, an example of 
which include the stripping of the acid gas components of a gas stream by aqueous solutions of 
alkanolamines compounds [11-15] such as monoethanolamine (MEA), diethanolamine (DEA) and 
methyldiethanolamine (MDEA). Despite its extensive application in scrubbing acid and sour 
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gases from gas stream, there are two major drawbacks of the gas-liquid absorption process. 
These are: 
1. The solvent regeneration process is highly energy intensive  
2. Aqueous solutions of alkanolamines compounds are toxic and corrosive thereby 
corroding or degrading the regeneration equipment through oxidation [16-17]. 
Sorbent based adsorption technology has been reported to having a lower energy requirement for 
regeneration [16] thereby, eliminating problems associated with equipment degradation or 
corrosion [2, 17]. On an industrial scale, the potential of solid sorbent in acid gas removal (e.g. 
CO2) from flue gas of power plants and coal plant 
[16] have not being fully developed. Recent 
review of literatures [18-21] suggest that most sorbents studied for acid gas removal from natural 
gas stream have at least one major problem that negates their use industrially. For example low 
selectivity of activated carbon toward acidic gases and the strong water inhibiting effect on 
zeolite materials have rendered both sorbent economically inapplicable industrially [18-21]. 
CO2 capture technology in itself is expensive. Khatri et al 
[2] reported that the development of 
effective low-cost sorbents with CO2 adsorption capacities greater than (1000µmol/g of sorbent) 
together with a long regeneration capacity will make sorbent adsorption process a preferred 
option. From an economic point of view, Chang et al[16] report from preliminary analysis suggest 
that an “economically feasible approach should cost less than $10 to sequester a ton of CO2 from 
stationary sources”, and that  the “development of an economic CO2 separation process requires 
a highly efficient CO2 sorbent possessing a high CO2 capture and long term regeneration 
capacity at a level above 2000µmol/g with a small difference in adsorption and desorption 
temperatures in the flue gas environment”.  
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• Fig. 1-1: A Process Flow Diagram of an amine acid gas removal unit. 
In meeting the sorbent requirement for sorbent based adsorption technology, several 
investigations have been made by various researchers and several sorbents have been developed 
to this effect. Table 1-1 below provides a summary of some of these sorbents as contained in 
literatures. 
In exploiting the positive properties of gas-liquid absorption, impregnation of amine functional 
groups on high surface area support such as mesoporous silane solid compounds like SBA-15 is 
one potential approach to sorbent preparation for CO2 adsorption sites 
[36-38]. Recent research and 
development [39-40] shows a widespread interest in the development of high surface area solid 
sorbents and catalysts which would allow bonding to occur on a large number of highly active 
sites within the framework.  
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Table 1-1 Summary of various sorbent from literature 
 
The chemistry of the solid support for amine impregnation is made possible by the presence of 
silane compounds which act as support for the amine functional group. Some of these silane 
supports are expensive thus calling for alternative solid support.  
The presence of a significant amount of organics, minerals and silica compounds on the 
heterogeneous surface of biochar has been reported [41], thereby making it a promising sorbent 
support for CO2 capture and amine grafting for better performance. Biochar generally can be 
obtained from plant materials and waste feedstock, such as sorghum, switchgrass, miscanthus, 
bamboo, cornstovers etc., which are relatively available. Figure 1.2 below is a pictorial 
representation of the complex biochar structure. 
Heat of ads. 
(kJ/mol 
CO2)
CO2 
working 
capacity 
(mmol/g)
Surface area 
(m2/g)
Particle 
density 
(g/cm3)
Packing 
density 
(g/cm3)
Ads temp. 
(°C)
Ads. 
pressure 
(atm)
CO2 
capture eff. 
(%) Reg.method
Reg. temp. 
(oC)
Reg.pressur
e (atm) Ref.
Promoted MgO 95-100 10-60 N/A N/A N/A 350-450 ~24 >85 Thermal 500-550 ~24 22
Activated 
Carbon 
N/A 9 1200 N/A 0.85 30 1 N/A
Electrical/ 
Thermal
N/A N/A 22
Na2O promoted 
Al2O3 
64.9 2.86 N/A 2.22 0.694 200-400 up to ~25 71
Thermal 
Swing
550 up to 40 22
Dry Sodium 
Carbonate 
3.08 MJ/kg 100-120 22
Alkalized 
alumina 
12-25 0.16 100 0.63 1.05 110-200 1 90 Steam 100-200 1 22
MOF 40-60 2.27-4.55 500-2000 0.3-0.7 7.61 b 25-45 0.1-0.15 90-95 VPSA 0.01-0.05 22,25-27
Carbon 28 1.1364 1600 1.1 0.7 15-25 1 >95 direct steam 80-100 1 22
Supported 
amine, activated 
carbon 
~ -60 3-3.18 20-1500 0.3-0.7 55 1 100c
Temp. 
Swing
100 1 d 22
MIL-101 4.0-28.6 3.62 2674-4230 2.62 - 4.24 25 1 23,24,28-33
AlPO4-14 
Molecular Sieve
2 27 1 34
Zeolite 13X N/A 2.2 25 35-36
Amine-grafted 
SBA-15
33 - 34 0.2-0.4 14
TEPA/SiO2 3.2-11.0 2.087 1 37
PEG/TEPA/SiO2 52 1.11-1.45 50
Temp. 
Swing
100-110 1 -1.05 22,37
Type of sorbent
Sorbent properties
Act. energy 
of CO2 
(kJ/mol)
Opertaing conditions
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Figure 1.2: Pictorial Representation of the Biochar Particle [41] 
According to Lehmann [41], the biochar model consists of “two main distinguished structures: 
• The crystalline graphene-like sheets and  
• The surrounding randomly ordered amorphous aromatic structures and pores of various 
sizes. 
The biochar particle is characterized by surface oxidation of the various agents, and the 
adsorption of organic matter from the soil [41]. The most important surface oxidation products on 
the biochar surface are shown in the figure above and they include phenol, carbonyl and 
carboxylic acid groups [41]. Depending on the source for biochar production, biochar in aqueous 
solution can exhibit either basic or acidic properties [42]. 
The primary objective of this study is to examine how biochar could aid CO2 sequestration 
through a carboxylation reaction involving biochar and CO2 with water and/or ethanol as the 
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hydrogen donor. This interaction would be carried out photochemically and thermally. The 
carboxylation reaction for both processes i.e. photochemical and thermal processes will be done 
taking advantage of the presence of: 
1. The oxygenated functional groups on the biochar surface and 
2. Alkaline metals on the complex biochar structure. 
These reactions would be based on the chemistry of carboxylation of phenolic groups as depicted 
by the Kolbe-Schmitt reaction mechanism (Kolbe, 1860; Schmitt, 1885; Lindsey and Jeskey, 
1957), (See Figure 1-3 reaction below) – which happens to be a very important process in the 
pharmaceutical industry for the production of aspirin. 
In this study, water and/or ethanol will be used as the hydrogen donor. 
 
Figure 1.3: The Kolbe-Schmitt Reaction Mechanism 
Furthermore, this idea stems from the reductive photocarboxylation of aromatic  edge carbons 
first proposed by Tazuke et al. (1975, 1986) [43-44] using mercury irradiation lamp on a liquid 
solution containing an aromatic hydrocarbon reactant, an hydrogen donor (dimethylformamide), 
an electron donor such as N,N-dimethylaniline  and  CO2. See the reaction process below: 
2 2 2 2R CO RCO HCONMe RCO H
− −
• + → • + →
    Equation 1-1 
For our proposed work, biochar would be produced from sorghum via pyrolysis (See the 
Experiment section for more details). Proximate and ultimate analysis of the parent and treated 
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biochar samples will be done and the key instrumental analytical technique that would be 
employed in studying and comparing both the parent and the treated char samples would be the 
FTIR spectroscopy.  
 
Finally in this study, we would be interested in the carboxylation reaction via identification of 
possible formation and /or increase in the carboxylic acid functional group on the char surface of 
the treated samples. 
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CHAPTER TWO 
2.0 LITERATURE REVIEW 
One of the most important and extensively used analytical tools in determining structures of 
organic matter is the Infrared spectroscopy [45]. The application of this technique in coal 
characterization has been reviewed by a number of authoritative articles [46-49].  
Computerized Fourier Transform infrared (FTIR) spectroscopy has opened up new position for 
spectroscopic characterization of coal and carbon derived materials [45]. Some of the advantages 
of FTIR instrument over dispersive instrument [50] include: 
• Its high sensitivity which results from its high signal and co-adding ability of spectra together 
with its ability to produce good signal to noise ratio [50]. 
• Its applicability in obtaining measurements of highly absorbing materials such as coal [45, 51] 
due to the above factor. As a result, 
• It permits rapid routine quantitative characterization of solids, liquids and gases [63]. 
FTIR technique has been applied in the analysis of: 
• Mineral matter in coal [52-53]. 
• Study of products from coal liquefaction [54].  
• Changes associated with carbonization [55] and oxidation [56]. 
• The hydroxyl oxygen concentrations of coal to an accuracy of ±10% [51, 58]. 
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• The determination of the COOH groups in coal [57]. 
• Characterization of functional groups on Carbon Black [59, 60]. 
Solomon [61-64] examined the relationship between coal structure and the products of the thermal 
decomposition of coal. His papers reported the use of the data handling capabilities of FTIR in 
obtaining quantitative results. Several earlier studies employed the use of dispersive instruments, 
for example the works of Durie et al [65] and Tschamler and Ruiter [66] reported similar 
quantitative measurement of aliphatic and aromatic C-H contents using integrated intensity of 
same peaks as Solomon [61]. 
In his consideration of the analysis of organic constituent in coal, Solomon[67] outline the 
procedures and calibration factors for determining the aromatic and aliphatic hydrogen 
concentrations from the integrated areas under the approximate peaks at 800cm-1 and  2900cm-1  
respectively. 
Durie and Sternhell [68] reported the use of potassium halide disks technique in the quantitative 
infra-red absorptive investigation of acetylated coals and chars. In minimizing the effect of the 
variable background levels brought about by scattering losses, the baseline technique for 
measurement of the optical densities was employed. Quantitatively Lambert Beer’s law was 
obeyed for disks containing 0.25 percent to one percent of a series of 100-200mg of the 
potassium halide [68]. Solomon and Carangelo [51] reported that by employing a very careful 
sample preparation procedure, quantitative spectra have a ±5 percent reproducibility, with Beer’s 
law followed in the range of 0.3-1.3mg of coal/cm2 of disc area. 
 Finally by applying stringent precautionary measures in coal sample preparation, and infra-red 
spectra measurement, Osawa et al and Fujii et al [69-70] confirmed Lambert-Beer’s law to be 
12 
 
applicable at wave numbers 3450cm-1 and 1260cm-1; 3030 cm-1, 2920 cm-1, and 1600 cm-1 
absorption peaks of different ranks of coal in terms of their specific extinction coefficient thereby 
relating the optical densities of the various coal ranks to their hydroxyl, carbon and oxygen 
contents. 
By analyzing coal samples using FTIR technique, Chong [71] observed five types of hydrogen 
bond in coal and its extracts, also investigating the thermal stability of the various hydrogen 
bonds by means of in situ pyrolysis FTIR.  Table 2-1 below summarizes the various types: 
Table 2-1 Types of hydrogen bonds in coal and its extract 
Types of Hydrogen Bonds Wave number (cm-1) Coal Wave number (cm-1) Extract 
OH-π 3530 3500 
Self-associated OH 3410 3370 
OH-ether O  3300 
Cyclic OH 3220 3240 
OH- N 3150 3170 
 
 
 
 
 
 
13 
 
 
 
CHAPTER THREE 
3.0 EXPERIMENTAL SECTION 
3.1 DESIGN OF EXPERIMENT 
By heating a mixture of phenol and sodium in the presence of CO2 at a pressure of 1atm and 
temperature between 180oC to 200oC, Kolbe was able to produced salicylic acid. Through the 
Kolbe-Schmitt reaction process, (See Figure 1.3) carboxylation reaction could be accomplished 
in the presence of a phenolic group via the substitution of the carboxyl group with hydrogen of 
the ring.  The importance of temperature, partial pressure of CO2, pH, solvents (such as water), 
cation type, structure of the aromatic carbon, reaction mechanisms, equilibrium constant, and 
kinetics were highlighted by Schmitt (1885) [72]; Lindsey and Jeskey (1957) [73]; Bonneau-
Gubelmann et al. (1996) [74]; Kosugi and Takahashi (1998) [75]; Markovi´c et al. (2002) [76], 
Stanescu and Achenie (2006) [77], Markovi´c et al. 2008(1) [78], and Markovi´c et al. 2008(2) [79].  
 
Biochar produced from the pyrolysis of lignocellulose materials possess the desired structural 
characteristics for carboxylation. Some of which includes: 
• The high oxygen content which accounts for its cation exchange capacity (Boehm) [42]. This 
depends on the source of the lignocellulose material. Examples of the oxygenated functional 
groups include: 
 The phenolic groups  
 The Carboxyl groups 
14 
 
 Carboxylic anhydride 
 Lactols 
 Carbonyl groups 
 Ethers 
 Lactone groups 
 Quinone groups 
• The presence of the desired basic metal groups e.g. Sodium and Potassium (Lehmann and 
Joseph, 2009) [41]. 
As earlier stated, this study, will be considering the changes in the carbonaceous portions of the 
biochar material exposed to CO2 with water and/or ethanol as the hydrogen donor. The 
carboxylation reaction will be approached from the photo-irradiation and thermal points of view.  
 
3.2 AIMS OF EXPERIMENTAL DESIGN 
The aims of these experiments are: 
• To produce biochar from readily available lignocellulose material (sorghum) via slow 
pyrolysis 
• Take advantage of the presence of the various oxygenated functional groups in adsorbing 
CO2 on biochar surface through the carboxylation reaction. This will be done via photo-
irradiation and thermally - using water and/or ethanol as hydrogen donor. 
• Employ spectroscopic technique (FTIR analysis) in investigating possible changes in the 
spectral of the raw and treated biochar samples. 
• Investigate the changes in the surface area of the char samples via BET analysis 
15 
 
• Investigate changes in pH during photo-irradiation and thermal treatments. 
• Investigate changes in the results from proximate and elemental analysis of parent and 
treated char samples. 
 
3.3 EXPERIMENTAL DESCRIPTION 
Biochar sample preparation from the raw biomass (using sorghum) involves the following 
processes: 
• Initial grinding of the raw biomass to about 1mm mesh size 
• Further grinding to finer particles 
• Sieving of the ground samples into various mesh sizes ranging from less or equal to 
0.075mm to 0.125mm. (See appendix A1 for more details) 
• Tagging of the various samples and 
• Drying of samples under vacuum for at least 2 hours. (See appendix A1 for a more 
detailed description). 
• Pyrolysis of the biomass sample and 
• Photo-irradiation and thermal treatment of samples. 
 
Slow pyrolysis of ground biomass was carried out under two conditions: 
• At a helium sweep gas flow rate of  400ml/min and 
• At a helium sweep gas flow rate of  1200ml/min and 
Under both condition pyrolysis was carried out under the following conditions: 
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• Constant heating rate of 5oC per minute up to 550oC 
• Dwelling time of 10mins at 550oC 
• Constant cooling rate of 5oC per minute down to 25oC. 
See figure 3-1 below for a schematic representation of the entire pyrolysis set-up and for a 
complete description of the entire pyrolysis process see appendix A1.  
 
Figure 3-1: Schematic of the entire Pyrolysis Set-up 
Photo-irradiation of the biochar sample was carried out under two conditions: 
• Photo-irradiation of the sample produced under 400ml/min in the absence of ethanol as 
proton donor and 
• Photo-irradiation of the sample produced under 1200ml/min with added ethanol as proton 
donor. 
Under both photo-irradiation conditions: 
• Three grams of raw biochar were measured and place in a semi-batch glassware reactor. 
See Figure 3-2 below. 
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• 250ml of deionized water was added to the sample in the semi-batch reactor (for the 
400ml/min sample) and stirred for 15 minutes with a magnetic stirrer. 
 
Figure 3-2: Semi-batch glassware reactor 
• 240ml of deionized water together with 10ml of ethanol was added to the sample in the 
semi-batch reactor (for the 1200ml/min sample)a 
• Both samples were bubbled with pure CO2 at a flow rate of 50ml/min and at a delivery 
pressure of 10psi for one hour. 
• Samples were allowed to equilibrate for 30mins after bubbling with CO2  
• Samples were then placed in a sonicator and photo-irradiated for five hours with xenon 
lamp. See Figure 3-3 below for a schematic representation. (For a more detailed 
description of the above process see appendix A1). 
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Figure 3-3: Schematic of photo-irradiation Set-up 
The thermal treatment of both samples was carried out under the following conditions: 
• Three grams of raw biochar was measured and place in a semi-batch glassware reactor.  
• 250ml of deionized water was added to sample in the semi-batch reactor (for the 
400ml/min sample) and stirred for 15 minutes with a magnetic stirrer. 
• 240ml of deionized water together with 10ml of ethanol was added to the sample in the 
semi-batch reactor (for the 1200ml/min sample)a 
• Both samples were bubbled with pure CO2 at a flow rate of 50ml/min and at a delivery 
pressure of 10psi for one hour. 
• Samples were allowed to equilibrate for 30mins after bubbling with CO2  
• Samples were placed in a sonicator and with the temperature set at 60oC in the absence of 
light from the xenon lamp for five hours.  
Note: a} The Photo-irradiation and Thermal treatment of the 1200ml/min sample with added 
ethanol was carried out under continuous flow of pure CO2 gas at a flow rate of 50ml/min and at 
a delivery pressure of 10psi. 
Xenon Lamp
Mirror
Sonicator
Semi Batch Reactor
Water
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After both photo- and thermal treatments, the obtained colloidal solutions were vacuum filtered, 
with the solid residue dried under vacuum at 40oC for at least six hours and the filtrates stored in 
well labeled sealed bottles. For more detailed description of the photo- and thermal treatments of 
the samples see appendix A1. 
3.4 INSTRUMENTAL TECHNIQUES 
For the purpose of this study, the following instrumental techniques were employed 
3.4.1 FTIR ANALYSIS 
• SEMI-QUANTITATIVE FTIR ANALYSIS 
Two sets of samples were prepared and sent to Combustion Resources in Utah (USA) for semi-
quantitative analysis. Table 3-1 below gives a summary of the sample tags and descriptions. 
Table 3-1: Summary of sample identity 
Sample Set 1 Sample Set 2 
Sample ID Description Sample ID Description 
A10202010 Raw Biochar a A02252011 Raw Biochar a 
B10202010 Thermally Treated  
Biochar a,b 
B02252011 Thermally Treated Biochar a,d 
C10202010 Photo-Irradiated Biochar a,c C02252011 Photo-Irradiated Biochar a,d 
Notes 
a} Sample was produced under Helium Sweep gas flow rate of 400ml/min. 
b} Sample was produced under Helium Sweep gas flow rate of 1200ml/min. 
c} Reaction with CO2 was carried out in the absence of ethanol in water. 
d} Reaction with CO2 was carried out with added ethanol in water. 
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All char samples were analyzed using the FTIR technique. The untreated sample was designated 
as the parent or raw material and the treated sample as the product. From the report obtained 
from Combustion resources (See appendix C1 for full details) the analytical software default 
values were used in normalizing the spectra, which resulted in the highest peak at a wavenumber 
of 1094cm-1 over the entire spectra range of 4000 to 410cm-1 with each spectrum normalized to 
1.5. 
Quantitative FTIR spectra of the samples were obtained using six pellets for each sample set. A 
background scanned was carried out before analyzing the samples. See Figures 4-2 and 4-3 
under the results and discussion section for a spectral comparison of the average values for the 
parent and product materials as outlined in Table 3-1 above. 
• IN HOUSE QUANTITATIVE ANALYSIS 
To further verify the result sent by Combustion Resources, further quantitative analyses were 
carried out using the Tensor 27 OPUS Bruker FTIR instrument at the instrumentation Laboratory 
in Coulter Hall (Department of Chemistry and Biochemistry –The University of Mississippi). 
See appendix B1 for details of the experimental procedure.  
Good spectra were obtained by co-adding 32 scans with the infra-red beam transmitted through 
ratio of the sample to the background of 32 scans co-added in the absence of the biochar sample. 
Under these conditions of measurement, spectra were converted to absorbance and according to 
Solomon and Carangelo (1982) [51], Beer’s law is expected to be applicable at small sample 
amount (typically 1.2mg to as low as 0.25mg for high carbon content in coal or char). Also see 
appendix B1 for a complete description of the sample preparation, pelleting procedure and IR 
analysis and spectra manipulation. 
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The essence of the in-house experiment was to vary the amount of char in the KBr pellet and by 
employing the procedure proposed by Fuji and Osawa (1970) [70] which was used by Osawa and 
Shih (1971) [69], Reilly and Mosher (1981) [60], and Solomon and Carangelo (1982) [51], in 
obtaining the specific extinction coefficient of the various functional groups of interest from the 
Beer’s Law.  
In doing this, the following steps were taken as proposed by Fuji and Osawa (1970): 
• Four different samples of char ranging from 0.2mg to 1.2mg were carefully weighed 
• For each amount, approximately 300mg to 320mg of KBr was measure 
• Each sample was added to the KBr and properly mixed 
• Three pellets were produced from each sample set.  
• The amount of char(mg) in each disc was divided by the disc area (cm2) 
• Values obtained were plotted on the abscissa against the optical densities on the ordinate. 
See Figure 3-4 below for a plot of absorbance against wavenumber for the different 
amount of char (0.2mg [pink], 0.4mg [green], 0.8mg[yellow] and 1.0mg[blue]) 
• A rectilinear relation was established and the gradient of the straight line was taken as the 
specific extinction coefficient (cm2/mg) of the samples. (See appendix B1 for more 
details on sample preparation and pelleting technique).  
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Figure 3-4 Plot of Absorbance vs. wavenumber for different amount of char in KBr (Uncorrected 
spectra) 
 
3.4.2 SURFACE AREA ANALYSIS 
• BET ANALYSIS 
This was carried out using the NOVA 2000 series BET analyzer in Energy, Applied 
Mathematics and Separation Laboratory (Room 222) Anderson Hall Department of Chemical 
Engineering (The University of Mississippi). 
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3.4.3 INDUCTIVE COUPLED PLASMA OPTICAL EMISSION SPECTROSCOPY 
• METAL ANALYSIS 
Two sets of samples were sent to Galbraith Laboratories in Knoxville Tennessee (USA) for 
elemental analysis. Table 3-2 below gives a summary of the sample tags and descriptions. 
Table 3-2: Summary of sample identities for metal analysis 
Sample Set 1 (Biochar) Sample Set 2 (Filtrate) 
Sample ID Description Sample ID Description 
A04132011 Raw Biochar a,e AF04132011 Deionized Water a,e 
B04132011 Thermally Treated Biochar 
a,b,e 
BF04132011 Thermally Treated Biochar a,d,e 
C04132011 Photo-Irradiated  
Biochar a,c,e 
CF04132011 Photo-Irradiated Biochar a,d,e 
AM10202010 Raw Biochar a,f BM10202010 Photo-Irradiated Biochar a,f 
Notes 
a} Sample was produced under Helium Sweep gas flow rate of 400ml/min. 
b} Sample was produced under Helium Sweep gas flow rate of 1200ml/min. 
c} Reaction with CO2 was carried out in the absence of ethanol. 
d} Reaction with CO2 was carried out with added ethanol 
e} Metals of interest are Potassium, Sodium and Silicon 
f} Metals of interest in their oxide forms as Titanium and Silicon 
 
3.4.4 OTHERS 
• PROXIMATE AND ELEMENTAL ANALYSIS 
Two sets of samples were prepared and also sent to Combustion Resources in Utah (USA) for 
proximate analysis. Table 3-3 below gives a summary of the sample tags and descriptions. 
Table 3-3: Summary of sample identities for proximate analysis 
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Sample Set 1 Sample Set 2 
Sample ID Description Sample ID Description 
D10202010 Raw Biochar a D02252011 Raw Biochar a 
B10202010 Thermally Treated  
Biochar a,b 
E02252011 Photo-Irradiated Biochar a,d 
E10202010 Photo-Irradiated Biochar a,c F02252011 Thermally Treated Biochar a,d 
Notes 
a} Sample was produced under Helium Sweep gas flow rate of 400ml/min. 
b} Sample was produced under Helium Sweep gas flow rate of 1200ml/min. 
c} Reaction with CO2 was carried out in the absence of ethanol in water. 
d} Reaction with CO2 was carried out with added ethanol in water. 
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CHAPTER FOUR 
4.0 RESULTS AND DISCUSION 
4.1 PROXIMATE, ELEMENTAL AND METAL ANALYSIS OF SAMPLES 
This analysis was carried out at Combustion Resources Inc. in Utah. Table’s 4-1a and 4-1b 
below gives a comparative summary of the three samples under sample set 1, while tables’ 4-2a 
and 4-2b gives the summary from sample set 2. 
Table 4-1a: Summary of Proximate and Elemental Analysis of Sample set 1 in Table 3-3 
 
 
 
Analysis\samples 
 
 
Raw 
Biochar 
 
Thermally 
Treated 
Biochar 
 
 
 
Diff. (%) 
 
Photo-
Irradiated 
Biochar 
 
 
 
Diff. (%) 
Proximate/Elemental Analysis 
Total Moisture 6.95 7.20 3.6% 5.66 -18.6% 
Ash 29.35 19.20 -34.6% 22.56 -23.1% 
Fixed Carbon 46.42 57.73 24.4% 55.53 19.6% 
Volatile 17.28 15.87 -8.2% 16.25 -6.0% 
Carbon 55.4 64.85 17.1% 62.40 12.6% 
Hydrogen 1.72 1.84 7.0% 2.71 57.6% 
Nitrogen 0.61 0.62 1.6% 0.81 32.8% 
Oxygen(difference) 12.84 13.41 4.4% 11.52 -10.3% 
Sulfur 0.08 0.08 0.0% < 0.05 -37.5% 
Heating Value 
(BTU/lb) 
 
8686 
 
10140 
 
16.7% 
 
10376 
 
19.5% 
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Table 4-1b: Summary of C/O and H/O ratios of Sample set 1 in Table 3-3. 
 
 
 
Analysis\samples 
 
 
Raw 
Biochar 
 
Thermally 
Treated 
Biochar 
 
 
 
Diff. (%) 
 
Photo-
Irradiated 
Biochar 
 
 
 
Diff. (%) 
Atomic C/O and H/O ratios 
C/O 5.75 6.45 12.1% 7.22 25.5% 
H/O 2.14 2.20 2.4% 3.76 75.6% 
 
Overall Weight Change1 
 
- 
 
-13.02% 
 
- 
 
-12.24% 
 
- 
 
Overall Weight Change2 
 
- 
 
-12.73% 
 
- 
 
-12.1% 
 
- 
 
Table 4-2a: Summary of Proximate and Elemental Analysis of Sample set 2 in Table 3-3 
 
 
Analysis\samples 
 
Raw 
Biochar 
Thermally 
Treated 
Biochar 
 
 
Diff.(%) 
Photo-
Irradiated 
Biochar 
 
 
Diff. (%) 
Elemental/Proximate Analysis 
Total Moisture 5.49 5.69 3.6% 5.32 -3.1% 
Ash 18.33 13.45 -26.6% 12.27 -33.1% 
Fixed Carbon 65.14 68.15 4.6% 68.31 4.9% 
Volatile 11.05 12.70 14.9% 14.10 27.6% 
Carbon 70.38 73.75 4.8% 74.81 6.3% 
Hydrogen 2.31 2.25 -2.6% 2.78 20.3% 
Nitrogen 0.66 0.66 0.0% 0.76 15.2% 
Oxygen(difference) 8.25 9.81 18.9% 9.31 12.8% 
Sulfur 0.07 0.08 14.3% 0.07 -28.6% 
Heating Value 
(BTU/lb) 
 
10928 
 
11428 
 
4.6% 
 
11849 
 
8.4% 
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Table 4-2b: Summary of C/O and H/O ratios of Sample set 2 in Table 3-3 
 
 
Analysis\Samples 
 
Raw 
Biochar 
Thermally 
Treated 
Biochar 
 
 
Diff. (%) 
Photo-
Irradiated 
Biochar 
 
 
Diff. (%) 
Atomic C/O and H/O ratios 
C/O 11.37 10.02 -11.9% 10.71 -5.8% 
H/O 4.48 3.67 -18.1% 4.78 6.6% 
 
Overall Weight Change1 
 
- 
 
-13.02% 
 
- 
 
-12.24% 
 
- 
 
Overall Weight Change2 
 
- 
 
-12.73% 
 
- 
 
-12.1% 
 
- 
 
Notes: 1) Weight loss for treated samples without added ethanol 
 2) Weight loss for treated samples with added ethanol 
 
From Tables 4-1a and b the following remarks can be made: 
• The change in biochar in the presence of CO2 for the photo-irradiation process resulted in 
a decrease in the oxygen content as depicted by increases in the hydrogen to oxygen and 
carbon to oxygen ratios, together with a 20 percent increase in heating value. This 
changes suggest the occurrence of photo-reduction (hydrogenation), as modeled below 
(figure 4-1) by the aryl lactone present in the complex biochar structure and assisted by 
the presence of TiO2 or silicates in biochar (See appendix D1 for the silicate and TiO2 
concentrations of the samples sent to Galbraith laboratories). 
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Figure 4-1: Hydrogenation of aryl lactone.    
The simple biochar-water-CO2 reaction as summarized in Tables 4-1b and 4-2b above suggest: 
• A twelve percent to thirteen percent total weight loss in the treated samples compared to 
the parent material. 
• The results from the ultimate analysis show a significant loss in total mineral during both 
treatments. About 33 percent and 27 percent losses in total mineral content were observed 
after the thermal and photochemical treatments respectively. 
• This loss in mineral after treatment is suggestive of dissolution of minerals into the 
aqueous solution. 
 In a bid to further verify this, the three samples together with the filtrates obtained after each 
treatment (See Table 3-2) were sent to Galbraith Laboratory Knoxville Tennessee for Inductively 
Coupled Plasma Optical Emission Spectrometric (ICP-OES) analyses. This analysis was carried 
out in a bid to determine the concentration of the elements (listed below) in the liquid and solid 
phases. They elements are: 
• Potassium 
• Sodium and 
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• Silicon 
The results obtained reveal silicon accounting for about 48%, of the mineral content in the raw 
biochar ash. (Lehmann [41] reported a range of 35% to 60% of Si in ash depending on the 
biomass source).  
The table below gives a summary of the results obtained from the ICP-OES analysis as sent from 
Galbraith Laboratories. (See appendix D1 for more details). 
Table 4-3a Results on metal analysis of the parent biochar sample and deionized water. 
Note: a) 79% of the total mineral content in the parent material is composed of potassium, 
sodium and silicon. 
Table 4-3b Results on metal analysis of the thermally treated samples and the filtrate 
obtained. 
 Thermally Treated Biochar Filtrate From Thermal Process[1] 
 
Elements 
 
Concentration(ppm) 
 
Amount/mg[1] 
 
Concentration(ppm) 
 
Amount/mg[2] 
Potassium 0.914% 27.42 445ppm 109.072 
Sodium 445ppm 1.335 5.1ppm 0.025 
Silicon 4.65% 139.5 44ppm 9.445 
Total   168.255   118.542 
Percent a  42% a  80% b 
Note:  a) Fraction of Potassium, Sodium and Silicon in the total mineral content of the 
thermally treated sample. 
 Parent Biochar Material Deionized Water (Blank) 
 
Elements 
 
Concentration(ppm) 
 
Amount/mg[1] 
 
Concentration(ppm) 
 
Amount/mg[2] 
Potassium 5.75% 172.5 5ppm 1.239 
Sodium 603ppm 1.809 5ppm 1.239 
Silicon 8.71% 261.3 5.9ppm 1.462 
Total   435.609 a   3.940 
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b) Fraction of Potassium, Sodium and Silicon in the total mineral content in the filtrate 
obtained from the thermally treated sample.  
Table 4-3c Results on metal analysis of the photochemically treated samples and the filtrate 
obtained. 
  
Photo-chemically Treated Biochar 
Filtrate From Photochemical 
Process 
 
Elements 
 
Concentration(ppm) 
 
Amount/mg[1] 
 
Concentration(ppm) 
 
Amount/mg[2] 
Potassium 0.779% 23.37 440ppm 107.832 
Sodium 411ppm 1.233 5.1ppm 0.025 
Silicon 4.34% 130.2 58ppm 12.915 
Total   154.803   120.772 
Percent  42% a  66% b 
Note:  a) Fraction of Potassium, Sodium and Silicon in the total mineral content of the 
photochemically treated sample. 
b) Fraction of Potassium, Sodium and Silicon in the total mineral content in the filtrate.  
Table 4-3d       Percentage of elements in char material and filtrates a 
 
 
 
Elements 
 
 
 
Raw Biochar 
 
 
 
Therm. Treated 
 
 
 
Therm. Filtrate 
 
 
% of element 
in filtrate 
Potassium 172.50 34.76 137.74 80 
Sodium 1.81 1.78 0.03 2 
Silicon 261.30 244.70 16.60 6 
Total 435.61 281.24 154.37 
 
 
 
 
Elements 
 
 
 
Raw Biochar 
 
 
 
Photo. Treated 
 
 
 
Photo. Filtrate 
 
 
% of element 
in filtrate 
Potassium 172.50 30.73 141.77 82 
Sodium 1.81 1.78 0.03 2 
Silicon 261.30 237.72 23.58 9 
Total 435.61 270.23 165.38 
 
NOTES a) Normalized values. 
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From the above tables 
• Potassium, sodium and silicon accounted for 79 and 42 percent of the mineral contents in 
the parent and treated materials respectively. (See Table 4-3a, b and mathcad calculation 
in appendix D1 for more details). 
• These three elements also accounted for 80 and 66 percent of the mineral contents in the 
filtrates from the thermal and photo-chemical processes respectively. (See Table 4-3b, c). 
• About 80 percent of the potassium was lost to the filtrates of the treated samples. (See 
Table 4-3d). 
• Over 90 percent of the silicon was retained in the treated samples. (See Table 4-3d). 
 
4.2 SURFACE AREA ANALYSIS 
The results from the surface area analysis of the parent and treated biochar samples are 
summarized in Table 4-4 below. 
Table 4-4. Summary of BET Results 
 
BET ANALYSIS RESULTS 
Raw 
Biochar 
 
Therm. Treated 
 
Photo. Treated 
Single Point BET (m2/g) (1,2) 12.28 306.84 304.94 
Multi Point BET Surface Area (m2/g) (1,2)  
9.07 
 
252.23 
 
256.56 
Single Point BET Surface Area (m2/g) 
(1,3) 
 
54.69 
 
234.25 
 
229.11 
Multi Point BET Surface Area (m2/g) (1,3)  
36.77 
 
223.02 
 
189.13 
Notes (1) Data obtained from NOVA 2000 Series Quantachrome Instruments (See appendix E1 
for attachments) 
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(2)  Biochar sample was produced at sweep gas (Helium) volumetric flow rate of 
400ml/min 
(3)  Biochar sample was produced at sweep gas (Helium) volumetric flow rate of 
1200ml/min 
 
The above table is suggestive of the following: 
• With an increase in sweep gas flow rate from 400ml.min-1 to 1200ml.min-1, there was an 
increase in the multi-point BET surface area of the parent biochar from 9.07m2g-1 to 
36.77m2g-1. Boateng, 2007[80] also reported low surface areas typically between 7.7m2g-1 and 
7. 9m2g-1 for switch grass biochar produced under fast pyrolysis. 
• The change in surface area with increase in sweep gas flow rate may be due to the removal of 
more volatile components during pyrolysis. 
• Over 400% increase in surface area was observed after subjecting the parent char sample to 
thermal and photo-chemical treatment. 
• Finally, the simple char/CO2/Water interaction under thermal and photochemical treatment 
resulted in surface activation of the char sample. 
 
4.3 FTIR ANALYSIS 
Two sample sets as summarized in table 3-1 were sent to Combustion Resources for Semi-
Quantitative IR analysis. See appendix B1 for more details on the procedure used by Combustion 
Resources. 
Figures 4-2, and 4-3, gives a comparative plot of spectra for sample sets 2 and 1 as received from 
Combustion Resources. 
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Figure 4-2: Overlaid Figure of Parent biochar and Treated samples (Sample Set 2) 
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Figure 4-3: Overlaid Figure of Parent biochar and Treated samples (Sample Set 1) 
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Table 4-5 Summary of the average peak areas of the parent and treated char samples for the 
various identified peaks. (Sample set 2) 
 
 
 
Major Changes in FTIR 
Functional groups 
 
 
 
Wave # 
cm-1 
 
Parent 
Sample 
Avg. 
Peak 
 
Therm. 
Treated 
Avg. 
Peak 
 
 
 
Diff. 
(%) 
 
Photo. 
Treated 
Avg. 
Peak 
 
 
 
Diff. 
(%) 
aromatic CH 3046 7.29 9.97 0.37 4.53 -0.38 
aliphatic CH 2916 43.48 43.48 0.00 43.48 0.00 
alkane, aldehyde 2852 10.50 8.99 -0.14 10.60 0.01 
Carbonyl 1731 5.61 7.43 0.33 0.44 -0.92 
alkenes, aldehydes, ketones, amides 1692 0.76 0.69 -0.09 1.10 0.44 
aromatic ring enhanced by OH 
bonded  C=O groups 
 
1595 
 
39.44 
 
67.30 
 
0.71 
 
29.12 
 
-0.26 
alkane aromatic 1489 2.93 4.32 0.48 2.45 -0.16 
aliphatic CH2 and CH3 1438 21.14 23.25 0.10 15.13 -0.28 
Cyclic CH2 1371 1.21 1.59 0.31 0.98 -0.19 
ethers esters 1093 186.28 302.65 0.62 164.30 -0.12 
polycylic aromatic skeletal structure 751 16.11 23.23 0.44 8.53 -0.47 
aromatic substitution 696 28.97 41.11 0.42 14.80 -0.49 
carboxyl groups, thiophenes, 
heterocyclics 
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5.38 
 
8.34 
 
0.55 
 
5.05 
 
-0.06 
 
Table 4-6 Summary of the average peak areas of the parent and treated char samples for the 
various identified peaks. (Sample set 1) 
 
 
Major Changes in FTIR Functional 
groups 
 
Wave   
numbe
r cm-1 
Parent 
Sample 
Avg. 
Peak 
Therm. 
Treate
d Avg. 
Peak 
 
 
Diff. 
(%) 
Photo. 
Treated 
Avg. 
Peak 
 
 
Diff. 
(%) 
aromatic CH 3046 1.98 1.06 -0.47 0.96 -0.51 
aliphatic CH 2916 14.86 17.60 0.18 15.60 0.05 
alkane, aldehyde 2852 3.01 4.27 0.42 3.88 0.29 
Carbonyl 1731 1.92 1.63 -0.15 1.33 -0.31 
alkenes, aldehydes, ketones, amides 1692 1.61 0.27 -0.83 0.29 -0.82 
aromatic ring enhanced by OH       
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bonded  C=O groups 1595 12.82 16.64 0.30 11.71 -0.09 
alkane aromatic 1489 1.15 0.55 -0.52 0.43 -0.62 
aliphatic CH2 and CH3 1438 4.88 4.00 -0.18 3.51 -0.28 
Cyclic CH2 1371 1.47 0.42 -0.71 1.53 0.04 
ethers esters 1093 193.69 190.77 -0.02 182.74 -0.06 
polycylic aromatic skeletal structure 751 3.58 1.71 -0.52 1.53 -0.57 
aromatic substitution 696 7.79 3.98 -0.49 3.51 -0.55 
carboxyl groups, thiophenes, 
heterocyclics 
 
534 
 
1.60 
 
1.02 
 
-0.37 
 
0.82 
 
-0.49 
 
The curve fit which allows the isolation of single components in a system of overlapping bands 
was employed in isolating the peaks at wavenumbers: 
• 3450cm-1 corresponding  to OH hydrogen bonded phenols 
• 1731cm-1 corresponding  to C=O of aldehydes (Identified simply as carbonyl by Combustion 
Resources) 
• 1692cm-1 corresponding  to C=O of aldehydes (Identified as simply as aldehydes by 
Combustion Resources) 
• 1595cm-1 corresponding  to Aromatic ring enhanced by OH bonded carbonyl  (This is the 
functional group suggesting the formation of carboxylic acid on the aromatic ring) 
• 1095cm-1 corresponding to Ethers, Esters. 
In using the Tensor 27 FTIR spectrometer OPUS software, the Lavenberg Maquardt method was 
chosen for this calculation. To fit the observed spectral profile with this method, the default 
Lorentzian program was used in resolving the curve spectra fit. According to Starsinic et al 
(1984) [57], it is always naturally possible to fit the given spectral profile to a set of bands, and for 
the result to be meaningful, it is necessary to determine the number of peaks in the given region 
of the spectrum and also to have a good initial estimate of its intensity and frequency. 
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For any defined band, it should correspond to the group frequency of the material being 
observed. The problems involved with the curve resolution have been reviewed by Maddams 
(1980) [81] thereby outlining the procedures for obtaining meaningful results. 
Figures 4-4, 4-5 and 4-6 gives the curve fits of the above listed isolated peaks. 
Figure 4-4: Curve fit for the Aromatic ring enhanced by OH bonded C=O functional group 
(1595cm-1) together with the OH hydrogen bonded phenols and Ether/Esters 
functionalities. 
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Note:  
• The Blue Legend is for the Parent Material 
• The Green Legend is for the Photo-chemically treated biochar sample 
• The Red Legend is for the thermally treated biochar sample 
Figure 4-5: Curve fit for C=O of aldehydes functional group (1692cm-1) together with the 
OH hydrogen bonded phenols and Ether/Esters functionalities. 
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Figure 4-6: Curve fit for C=O of aldehydes functional group (1731cm-1) together with the 
OH hydrogen bonded phenols and Ether/Esters functionalities. 
 
Finally, prior to obtaining the extinction coefficient at the wavenumber 1595cm-1 and 1731cm-1 
corresponding to the aromatic ring enhanced by OH bonded carbonyl  and carbonyl (aldehyde) 
functionalities, the spectra of the air around the instrument and the blank KBr pellet were taken. 
These spectra are shown in Figures 4-7 and 4-8 with the CO2 Deformation and Asymmetric 
Stretching vibrations identified at 670cm-1 and 2350cm-1 respectively. The reason for this was to 
ensure that these peaks were subtracted from the spectra of the char samples.  
 
40 
 
Figure 4-7: Spectra of air around the Instrument. 
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Figure 4-8: Spectra of Blank KBr Pellet. 
 
By plotting the absorbance relative to the ratio of the amount of char in KBr to the disc area in 
cm2 (Figures 4-9 and 4-10) at wavenumbers 1595cm-1 and 1731cm-1,a  rectilinear relation was 
established and the gradient of the straight line was taken as the specific extinction coefficient 
(cm2/mg) of the samples. (See Appendix B1 for more details) 
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Figure 4-9: Plot of Absorbance against amount of char per disc area @ 1595cm-1  
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Figure 4-10: Plot of Absorbance against amount of char per disc area @ 1731cm-1  
 
From the above tables and figures: 
• The Carbonyl associated with aldehydes has a wavenumber range of 1690-1760 cm-1 [82]. 
With reference to the parent material, table 4-5 show a 33% increase in the average peak 
area of the thermally treated char. This could be supported by the intensity of the isolated 
peak in Figure 4-6 and the specific extinction value of 0.13cm2/mg which is expected to 
be lower than that of the parent material since the absorbance value of the thermally 
treated sample is greater than that of the parent material.  
• With reference to the average peak area of the parent material, the aromatic ring  
enhanced by OH bonded C=O with wavenumber at 1595cm-1 showed a 71% and 30% 
increase in sample set 2 (Table 4-5) and sample set 1(Table 4-6) respectively for the 
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thermally treated samples. This was also collaborated by the increase in the intensity of 
the isolated peak of this functionally in Figure 4-4, and estimated specific extinction 
value of 0.33cm2/mg that is expected to be lower than that of the parent material 
according to Beer’s law. (See Figure 4-9 and appendix B1for the results on the statistical 
analysis) 
• Based on the above results of the thermal reaction, the quantitative FTIR spectra for the 
simple biochar/CO2/water interaction is suggestive of carboxylation reaction, such as the 
ones modeled in figure 4-11 below for phenol and diaryl ether present in the complex 
structure of the biochar.  
CO2
O
C
Diaryl ether
O
H2O
OO
H
H
O
H
 
Figure 4-11: CO2 Reaction model with Phenol and Diaryl ether 
• For both treated samples at wavenumber 1692cm-1, (See Table 4-5), the average IR peaks 
witnessed a 69% and 44% increases in area for the thermally and photo-chemically 
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treated samples respectively. This could simple be as a result of the release of acetals as 
shown for a naphthal below.   
 
Figure 4-12: Acetals release from Naphthal 
• From Tables 4-1a and 4-1b, the photochemical treatment of biochar under an atmosphere 
of CO2 resulted in a decrease in oxygen, as shown by increased H/O and C/O ratios and 
increased heating values of about 20%. This is suggestive of hydrogenation, such as the 
one modeled below (Figure 4-13) for and aryl lactone present in the complex structure of 
the biochar. This photo-reduction could be assisted by the TiO2 or silicates present in 
biochar. (See appendix D1 for the metal analysis of Titanium and Silica compositions in 
biochar from Galbraith laboratories).   
Figure 4-13: Hydrogenation of aryl lactone.    
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CHAPTER FIVE 
5.0 CONCLUSION 
Several simultaneous reaction may be occurring from the simple interaction involving 
biochar/CO2 and a hydrogen donor e.g. water and/or ethanol. The two most interesting of which 
are:   
• The photochemical treatment of biochar under and atmosphere of CO2 with water as the 
hydrogen donor resulted in a decrease in oxygen content as shown by the corresponding 
increase in the H/O and C/O ratios and the corresponding increase in heating value by as 
much as 20%. In essence this simple reaction process of biochar and CO2 resulted in the 
product char having a higher energy form. 
•  For CO2 sequestration, the FTIR analyses of the thermal process greatly suggest 
carboxylation reaction by the increased intensity of the functionality at 1595cm-1 
associated with the formation of carboxylic acid on the aromatic ring. 
Others include: 
• A 33% and 27% loss of mineral to the aqueous phase. Of which Potassium, Sodium and 
Silicon all accounted for 79% and 42% of the mineral elements in parent and treated 
sample materials respectively. This mineral loss implies less furnace problem since the 
presence of these elements results in fouling. 
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• These elements also accounted for 80% and 66% of the mineral elements in the filtrates 
from the thermal and photo-chemical processes respectively. 
• About 80 percent of the potassium was lost to the filtrates of both treated samples. 
• Compared to the parent material, this simple reaction process resulted in about 2600% 
increase in surface area of the treated samples. This also implies a higher energy 
production rate. 
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CHAPTER SIX 
6.0 RECOMMENDATION 
Future work in this area should involve: 
1. Steam activation of the biochar to further increase its surface area, since the maximum 
observed surface area of about 300m2/g cannot be compared with commercially available 
activated carbon and other sorbents. 
2. Surface modification of the biochar surface via amine impregnation since over 90 percent 
of the silica in the biochar was retained after both treatment. 
3.  Adsorption/desorption test should be conducted with the surface modified biochar so as 
to know its potential as an industrial solvent. 
4. Chemical titration as spelt out by Boehm [42] should be carried out so as to ascertain 
quantitatively the extent of carboxylation in the treated sample. 
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A1-1 Experimental Procedure I (Biomass Sample Preparation) 
1. Grinding Procedure 
• Sorghum biomass samples were ground to sizes less than 1mm using the grinding mill in 
Dr. Clint Williford’s Laboratory  (room 224 Anderson hall)  
• Further grinding was carried out using the coffee blender in room 223 Anderson hall. 
• Sieving of the ground sample was carried out using sieves of varying mesh sizes. 
• Four different sample sizes where obtained and were thereby labeled :   
Sample B ( ≥ 0.246mm), Sample C ( ≤ 0.125mm), Sample D ( ≤ 0.106mm), and                           
Sample E ( ≤ 0.075mm) 
2. Drying Procedure 
• Prior to drying the different sample sizes were weighed and the various sample sizes were 
kept separately in well labeled dishes. 
• The Oven was purged with nitrogen gas and samples were kept under vacuumed 
condition between (-15 to -20 in.Hg). 
• The temperature dial was set at 40oC and 30 minutes was allowed for oven preheating. 
• Samples were left in the oven for 2 hours and on removal were kept in a desiccator to 
cool for 10 minutes. 
• Dried samples were weighed and placed under nitrogen gas environment in the glove 
box. 
3. Pyrolysis Setup 
• Prior to pyrolysis, the reactor tube and wired steel cloth were clean using acetone and 
allowed to dry. 
64 
 
• 1.238 grams of glass wool was weighed and placed in the reactor trap column and 
checked periodically to ensure it has not been saturated with bio-oil. 
• 2 to 4 grams of glass wool was placed in the reactor tube just immediately below the 
sample bag (see Figure 3-1) 
• The sample was held in the reactor by a stainless steel cloth folded into a bag, the bottom 
of the bag is folded and sealed with a paper a bolt and nut and prior to this, the bag 
together with the seal were weighed. 
• The dried biomass sample was placed in the bag, and weighed and the difference was 
noted. 
• The top of the bag was sealed by looping a metal wire through the holes. 
• The bag containing the sample was then placed in the reactor, as indicated in          
(Figure 3-1). 
•  The bag is forced in using a rod, and the wire extending from the top is used to judge 
how far it must be pushed in 
• Finally the reactor was sealed. 
 
Figure 3-1 Schematic of entire pyrolysis set-up 
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4. Pyrolysis Heating 
• The sealed reactor tube was placed in the furnace, and by aligning the middle section 
with the heating coils, and a level was used to sure the tube was straight. 
• Helium gas was allowed into the reactor tube through the copper rod furnace at  
50 ml/min, 20psi delivery pressure, and the furnace control set at 500oC.  
• The reactor tube was checked for leaks using snoop, and helium allowed to flow through 
for 10 minutes 
• After the 10 minutes, the reactor furnace was turned on and programmed to heat up at 
5oC per min up to 550oC after which it dwells at 550oC for 10mins and constantly cools 
at 5oC per min down to 25oC. 
• After cooling the reactor was isolated and left till the following day before the samples 
was removed and weighed. 
•  The wool with absorbed oil was then weighed, and using the difference in mass, the 
amount of oil produced was recorded before discarding the spent wool. 
 
A1-2 Experimental Procedure II (Photoirradiation and Thermal Treatment) 
1. Photo irradiation 
• Three grams of biochar was placed in a clean glass ware semi-batch reactor, after which 
250ml of deionized water was added and subsequently stirred with a magnetic stirrer for 
15 minutes. 
• Pure CO2 was then bubbled through the semi-batch reactor for 1hr at 50ml/min, and at a 
delivery pressure of 10 psi.  
• The reactor was then sealed and allowed to equilibrate for 30 minutes after bubbling. 
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• The mixture was then irradiated for 5hr in a sonicator using a xenon lamp. This set-up 
was checked periodically and water in the sonicator replenished as required. 
2. Thermal irradiation 
• Three grams of biochar was placed in a clean glass ware semi-batch reactor, after which 
250ml of deionized water was added and subsequently stirred with a magnetic stirrer for 
15 minutes. 
• Pure CO2 was then bubbled through the semi-batch reactor for 1hr at 50ml/min, and at a 
delivery pressure of 10 psi.  
• The reactor was then sealed and allowed to equilibrate for 30 minutes after bubbling. 
• The mixture was then place in a sonicator for 5hr without photo-irradiation with the 
temperature set at 60oC. This set-up was checked periodically and water in the sonicator 
replenished as required. 
 
3. Filtration 
• The reactor was allowed to cool overnight, and then vacuum filtration was carried out. 
The solid residue was dried under nitrogen environment in the vacuum oven and the 
liquid filtrates stored in carefully labeled test-tubes. 
• Dried filtered samples were stored in well labeled container. 
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B1-1 Experimental Procedure III (Sample Pellet Preparation for IR analysis) 
1. Pellet Preparation Procedure 
• Take a very small amount of your solid sample (Char sample 0.1mg to1.2mg). 
• If the sample size is larger than the KBr powder grind sample in a crucible gently. 
• Take 300mg of KBr powder or  more 
• Add KBr to sample and grind properly ensuring proper mixing 
• Add about 100mg of mixture in the press die 
• Place die in the press and 
• Apply constant pressure (The more the pressure the better the pellet produced) 
• Hold for at least 2 minutes 
• If the pellet falls apart it implies the grinding of powder was too thorough. Solution: Less 
grinding is required 
• If pellet has white spots it implies there are coarse grains in the matrix. Solution: More 
grinding is required. 
• If the pellet is opaque, it implies insufficient sample to KBr ration. Solution: Increase the 
amount of KBr. 
• NOTE: OPTIMIZATION: KBr is Expensive. 
• If the pellet is partly opaque, it implies the sample is not adequately mixed with the KBr. 
Solution: Spread powder sample of the KBr/sample mixture more evenly in Die (Tap the 
Die), and apply more pressure to the press. 
• If the pellet is blotchy, it implies presence of water in the KBr. Solution: Dry the pellet, 
keep the die warm and dry, and store the KBr in Desiccator when not in use. 
• Finally store pellets in the oven. 
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B1-2 Experimental Procedure IV (FTIR Sample analysis) 
1. Background Scan 
• Create a Folder on the system 
• Click on the OPUS icon to open the OPUS Software. When asked for the password 
simply type “OPUS” all upper case. 
• Place sample on the prongs of the spectrometer. 
• Click on the test tube icon on the OPUS window. This is the tab for data collection 
• Load the Tensor 27 program by clicking the Load tab and navigating your cursor to the 
Tensor 27 icon. 
• Click on the basic tab and input the name of your sample. Fill all necessary information 
as required. 
• Click on the advanced tab and specify the storage location. This should be the Folder 
name you initially created. 
• Click on the optic tab to check the quality of your signals. 
• Click on background scan to take a scan of your background. This should initially be the 
surrounding air around the instrument, so as to identify the CO2 peaks.  
• Click on the sample scan to get spectra for the air around the instrument. 
• Ensure your blank KBr pellet is in the sample hold, and place this in the prongs of the 
spectrometer. Repeat the six steps above to take a background scan of the KBr pellet and 
the sample scan. 
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2. Sample spectra 
• Place samples in the prongs of the spectrometer. This time do not click on background 
scan. Instead click on single sample scan to take initial uncorrected spectra of the various 
samples. 
3. Spectra manipulation 
• Baseline Correction 
 Select all spectra icons on the left pane of the opus window. See Figure B1 for a 
sample of spectra that has not been baseline corrected. 
 Click on the baseline correction tab. 
 On the Baseline correction window ensure the radio button of the Scattering 
Correction is ticked 
 Click on the exclude CO2 band radio button 
 Click Correct. 
 The Spectra is corrected. 
 Click on the Scale-Up tab to view the baseline corrected spectral if necessary. 
• Spectrum Subtraction 
 Select each individual spectra icon on the left pane of the Opus window. 
 Click on the “spectrum subtraction” icon. 
 Scale-up if necessary 
• AB <-> TR Conversion 
 Select each individual spectra icon on the left pane of the Opus window. 
 Click on the AB<-> if you desire to convert your spectra from absorbance value to 
transmittance or vise-versa.  
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• Normalization 
 Select Normalization from the Manipulate Tab drop list. 
 On the normalization window (Check the min/max normalization radio button) 
 Specify you wavenumber range of interest and your maximum normalization value 
say 0 to 1.5 
 Click on normalize. This automatically normalizes the spectra. 
 Scale up if necessary. 
• Smooth 
 Select “Smooth” from the Manipulate Tab drop list 
 Click on smooth several times until you get good spectra. 
 Ensure for each sample being manipulated you smoothen the same number of times. 
 Scale up if necessary. 
4. SPECTRA EVALUATION 
• Peak Picking 
 The Peak Picking command helps in identifying peaks in spectra 
 This command offers high flexibility and allows adjusting and fine tuning of search 
parameters. 
 Select the spectra icon on the left pane of the OPUS window 
 Select the peak picking command from the evaluation tab. 
 Define the frequency range by clicking on the frequency range tab. 
 Specify the sensitivity on the select file tab. 
 To work in the interactive mode, click on the start interactive mode button 
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 According to the threshold value set by the slider the number of identified peaks 
changes.  
• Curve Fit 
 The curve fit command allows calculating single components in a system of 
overlapping bands. 
 The model can be set up interactively and is optimized during the calculation 
 Calculation depends on the model selected 
 For our calculation the Levenberg Maquardt method was selected. 
 Select the spectra on the left pane of the OPUS window 
 On the curve fit window select the “select Spectrum to fit” tab and select the relevant 
file name. 
 Make sure the spectrum is of absorbance type and baseline corrected. 
 If you activate the “Save Single Peaks Too” check box, every fitted peak will be 
stored as a separate file. You can also start a new fit using the last result. 
 On the frequency range tab specify the range of wavenumbers for which you desire to 
curve fit. 
 Back to the “Select Spectrum to Fit” tab, click on the “start interactive mode” 
 Selects the picks of interest  
73 
 
 
Figure B1. Uncorrected Spectra of Biochar Sample pellet. 
The following are the details of pellet preparation of the various samples.  
 Six sets of samples were produced (See Table 3-1for a summary of the sample ID and 
descriptions) 
 For each set four sub-set of samples with varying amount of char in KBr were produced. 
The first sub-set had 0.2mg of Biochar in 300mg of KBr. The second, third and fourth 
sample sub-sets had 0.4mg, 0.8mg, and 1.0mg of char in 300mg of KBr respectively. 
 From each sample sub-set, three representative samples were produced from same batch. 
 Thus twelve Biochar/KBr mixture pellets were produced from each of the six sample sets. 
Making a total of seventy-two pellets 
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 Three representative samples of pure KBr pellets were also produced and used as blank 
pellets during analysis. 
 All pellets were dried in vacuum at 104oC for 48hrs in the (VWR vacuum oven) in Room 
222 Anderson Hall – University of Mississippi. 
 FTIR analyses of samples were carried out at the Instrumentation Laboratory, at the 
Department of Chemistry and Biochemistry (Coulter Hall) The University of Mississippi.   
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B1-3 Extinction Coefficient Values 
 
B1-3.1 Parent Biochar @ Wavenumber 3450cm-1 
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SUMMARY OUTPUT: Peak 3450cm
-1
 Raw Biochar at 400ml/min
Regression Statistics
Multiple R 0.9962
R Square 0.9924
Adjusted R Square 0.9899
Standard Error 0.0338
Observations 5.0000
ANOVA
df SS MS F Significance F
Regression 1 0.4484 0.4484 393.0548 0.0003
Residual 3 0.0034 0.0011
Total 4 0.4518
CoefficientsStandard Error t Stat P-value Lower 95%Upper 95%Lower 95.0%Upper 95.0%
Intercept 0.0194 0.0247 0.7855 0.4895 -0.0592 0.0980 -0.0592 0.0980
X Variable 1 0.3278 0.0165 19.8256 0.0003 0.2752 0.3804 0.2752 0.3804
RESIDUAL OUTPUT
Observation Predicted YResidualsandard Residuals
1 0.0194 -0.0175 -0.5988
2 0.1809 -0.0105 -0.3588
3 0.3423 0.0504 1.7225
4 0.6652 -0.0216 -0.7383
5 0.8267 -0.0008 -0.0266
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B1-3.2 Parent Biochar @ Wavenumber 1731cm-1 
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SUMMARY OUTPUT: Peak 1730cm
-1
 Raw Biochar at 400ml/min
Regression Statistics
Multiple R 0.9624
R Square 0.9262
Adjusted R 0.9016
Standard Er 0.0435
Observation 5.0000
ANOVA
df SS MS F Significance F
Regression 1 0.0714 0.0714 37.6554 0.0087
Residual 3 0.0057 0.0019
Total 4 0.0771
CoefficientsStandard Error t Stat P-value Lower 95%Upper 95%Lower 95.0%Upper 95.0%
Intercept 0.0524 0.0318 1.6456 0.1984 -0.0489 0.1537 -0.0489 0.1537
X Variable 1 0.1308 0.0213 6.1364 0.0087 0.0630 0.1986 0.0630 0.1986
RESIDUAL OUTPUT
ObservationPredicted YResidualsandard Residuals
1 0.0524 -0.0512 -1.3573
2 0.1168 0.0459 1.2177
3 0.1812 0.0234 0.6202
4 0.3101 0.0021 0.0552
5 0.3745 -0.0202 -0.5358
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B1-3.3 Parent Biochar @ Wavenumber 1595cm-1 
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SUMMARY OUTPUT: Peak 1595cm
-1
 Raw Biochar at 400ml/min
Regression Statistics
Multiple R 0.9500
R Square 0.9026
Adjusted R Square 0.8701
Standard Error 0.1892
Observations 5.0000
ANOVA
df SS MS F Significance F
Regression 1 0.9945 0.9945 27.7877 0.0133
Residual 3 0.1074 0.0358
Total 4 1.1019
Coefficients Standard Error t Stat P-value Lower 95% Upper 95% Lower 95.0% Upper 95.0%
Intercept 0.0207 0.1384 0.1494 0.8907 -0.4196 0.4610 -0.4196 0.4610
X Variable 1 0.4882 0.0926 5.2714 0.0133 0.1934 0.7829 0.1934 0.7829
RESIDUAL OUTPUT
Observation Predicted Y Residuals Standard Residuals
1 0.0207 -0.0194 -0.1183
2 0.2611 -0.0551 -0.3364
3 0.5016 0.1837 1.1214
4 0.9825 -0.2338 -1.4272
5 1.2230 0.1246 0.7605
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B1-3.4 Thermally Treated Biochar @ Wavenumber 3450cm-1 
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SUMMARY OUTPUT: Peak 3450cm
-1
 Thermally Treated Biochar at 400ml/min
Regression Statistics
Multiple R 0.9912
R Square 0.9824
Adjusted R Square 0.9766
Standard Error 0.0575
Observations 5.0000
ANOVA
df SS MS F Significance F
Regression 1 0.5551 0.5551 167.6099 0.0010
Residual 3 0.0099 0.0033
Total 4 0.5650
CoefficientsStandard Error t Stat P-value Lower 95%Upper 95%Lower 95.0%Upper 95.0%
Intercept 0.0085 0.0421 0.2020 0.8529 -0.1254 0.1424 -0.1254 0.1424
X Variable 1 0.3647 0.0282 12.9464 0.0010 0.2751 0.4543 0.2751 0.4543
RESIDUAL OUTPUT
Observation Predicted YResidualsandard Residuals
1 0.0085 -0.0066 -0.1326
2 0.1881 0.0620 1.2439
3 0.3678 -0.0615 -1.2335
4 0.7271 -0.0305 -0.6119
5 0.9067 0.0366 0.7342
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B1-3.5 Thermally Treated Biochar @ Wavenumber 1731cm-1 
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SUMMARY OUTPUT: Peak 1731cm
-1
 Thermally Treated Biochar at 400ml/min
Regression Statistics
Multiple R 0.9887
R Square 0.9775
Adjusted R Square 0.9700
Standard Error 0.0301
Observations 5.0000
ANOVA
df SS MS F Significance F
Regression 1 0.1180 0.1180 130.5530 0.0014
Residual 3 0.0027 0.0009
Total 4 0.1207
CoefficientsStandard Error t Stat P-value Lower 95%Upper 95%Lower 95.0%Upper 95.0%
Intercept 0.0246 0.0220 1.1191 0.3446 -0.0454 0.0946 -0.0454 0.0946
X Variable 1 0.1681 0.0147 11.4260 0.0014 0.1213 0.2150 0.1213 0.2150
RESIDUAL OUTPUT
Observation Predicted YResidualstandard Residuals
1 0.0246 -0.0234 -0.8982
2 0.1074 0.0129 0.4950
3 0.1903 0.0119 0.4557
4 0.3559 0.0298 1.1441
5 0.4387 -0.0312 -1.1965
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B1-3.6 Thermally Treated Biochar @ Wavenumber 1595cm-1 
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SUMMARY OUTPUT: Peak 1595cm
-1
 Thermally Treated Biochar at 400ml/min
Regression Statistics
Multiple R 0.873862516
R Square 0.763635697
Adjusted R Square 0.684847596
Standard Error 0.218539449
Observations 5
ANOVA
df SS MS F Significance F
Regression 1 0.462897971 0.462897971 9.692272 0.052748185
Residual 3 0.143278473 0.047759491
Total 4 0.606176444
Coefficients Standard Error t Stat P-value Lower 95% Upper 95% Lower 95.0% Upper 95.0%
Intercept 0.253870523 0.159830455 1.588373905 0.21041 -0.254781316 0.7625224 -0.254781316 0.76252236
X Variable 1 0.333039757 0.106975244 3.11324138 0.052748 -0.007403214 0.6734827 -0.007403214 0.67348273
RESIDUAL OUTPUT
Observation Predicted Y Residuals Standard Residuals
1 0.253870523 -0.252580523 -1.334563929
2 0.417921347 0.233106153 1.231666874
3 0.581972171 0.096072829 0.507621614
4 0.910073818 0.042259516 0.223287308
5 1.074124641 -0.118857975 -0.628011867
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B1-3.7 Photochemically Treated Biochar @ Wavenumber 3450cm-1 
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SUMMARY OUTPUT: Peak 3450cm
-1
 Photochemically Treated Biochar at 400ml/min
Regression Statistics
Multiple R 0.9838
R Square 0.9679
Adjusted R Square 0.9572
Standard Error 0.0838
Observations 5.0000
ANOVA
df SS MS F Significance F
Regression 1 0.6350 0.6350 90.4012 0.0025
Residual 3 0.0211 0.0070
Total 4 0.6561
CoefficientsStandard Error t Stat P-value Lower 95%Upper 95%Lower 95.0%Upper 95.0%
Intercept 0.0607 0.0613 0.9905 0.3950 -0.1344 0.2558 -0.1344 0.2558
X Variable 1 0.3901 0.0410 9.5080 0.0025 0.2595 0.5206 0.2595 0.5206
RESIDUAL OUTPUT
Observation Predicted YResidualsandard Residuals
1 0.0607 -0.0588 -0.8104
2 0.2529 -0.0038 -0.0519
3 0.4450 0.1211 1.6680
4 0.8293 -0.0540 -0.7446
5 1.0214 -0.0044 -0.0611
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B1-3.8 Photochemically Treated Biochar @ Wavenumber 1731cm-1 
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SUMMARY OUTPUT: Peak 1731cm
-1
 Photochemically Treated Biochar at 400ml/min
Regression Statistics
Multiple R 0.9074
R Square 0.8234
Adjusted R Square 0.7645
Standard Error 0.1109
Observations 5.0000
ANOVA
df SS MS F Significance F
Regression 1 0.1719 0.1719 13.9856 0.0334
Residual 3 0.0369 0.0123
Total 4 0.2088
CoefficientsStandard Error t Stat P-value Lower 95%Upper 95%Lower 95.0%Upper 95.0%
Intercept 0.1191 0.0811 1.4688 0.2382 -0.1390 0.3772 -0.1390 0.3772
X Variable 1 0.2030 0.0543 3.7397 0.0334 0.0302 0.3757 0.0302 0.3757
RESIDUAL OUTPUT
Observation Predicted YResidualsandard Residuals
1 0.1191 -0.1179 -1.2277
2 0.2191 0.0652 0.6786
3 0.3191 0.1257 1.3090
4 0.5191 -0.0483 -0.5028
5 0.6190 -0.0247 -0.2571
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B1-3.9 Photochemically Treated Biochar @ Wavenumber 1595cm-1 
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SUMMARY OUTPUT: Peak 1595cm
-1
 Photochemically Treated Biochar at 400ml/min
Regression Statistics
Multiple R 0.9273
R Square 0.8600
Adjusted R Square 0.8133
Standard Error 0.2641
Observations 5.0000
ANOVA
df SS MS F Significance F
Regression 1 1.2852 1.2852 18.4213 0.0233
Residual 3 0.2093 0.0698
Total 4 1.4945
Coefficients Standard Error t Stat P-value Lower 95% Upper 95% Lower 95.0%
Intercept 0.0860 0.1932 0.4450 0.6864 -0.5288 0.7008 -0.5288
X Variable 1 0.5549 0.1293 4.2920 0.0233 0.1435 0.9664 0.1435
RESIDUAL OUTPUT
Observation Predicted Y Residuals Standard Residuals
1 0.0860 -0.0847 -0.3702
2 0.3593 0.1268 0.5544
3 0.6327 0.0911 0.3983
4 1.1794 -0.3572 -1.5615
5 1.4527 0.2240 0.9790
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C1-1 Semi Quantitative (Comparative) FTIR-C6A Analysis of sample set 1   
 (See Attached) 
C1-2 Semi Quantitative (Comparative) FTIR-C6A Analysis of sample set 2   
 (See Attached) 
C1-3 Proximate Analysis Sample set 1 (See Attached) 
C1-4 Proximate Analysis Sample set 2 (See Attached) 
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1. Purpose & Scope 
The purpose of this project is to perform a semi-quantitative (comparative) FTIR analysis of 
the following samples: 
 
Table 1. Sample identification for samples to be analyzed 
 
Untreated sample 1 Treated Sample 1 Treated Sample 2 
A02252011 B02252011 C02252011 
 
 
2. Procedure 
a. Preparation of Samples: An FTIR analysis technique was used to compare 
two solid materials, where finely ground samples were pressed in KBr pellets. The samples 
and KBr used to make the pellets were dried in an oven at 104 
o
C for 48 hours and then 
they were ground separately for 20 minutes using a “Wig-L-Bug” shaker. The pellets were 
prepared as follows: 
 
1) Around 0.0015g of sample with around 1.8 g of KBr were mixed and ground together in 
a Wig-L-Bug shaker for a period of 30 seconds. 
2) A small sample, around 0.15 g of the mixture, was pressed into the pellets in an 
evacuated die under 20,000 lbs pressure. Six pellets of each sample were made. Blank 
KBr pellets, used as background, were also prepared. 
3) The pellets were put back in the oven at 104 
o
C for 48 hours. 
4) The pellet weights were recorded and analyzed in a Perkin-Elmer Spectrometer 1000. 
Table 2 shows the weights of sample and KBr used to make the pellets. 
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Sample ID Biochar (g) KBr (g) Biochar(g)/KBr(g) Pellets (g) Pellet ID 
A02252011  1.7995    
  
  
  
  
  
      
B02252011  1.7996    
  
  
  
  
  
      
C02252011  1.7999    
  
  
  
  
  
 
Table 2. Weights of the sample and KBr in each of the pellets. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
b. FTIR Analysis: Fourier Transform Infrared Spectroscopy (FTIR) was used to analyze the 
samples. In each case the untreated sample was designated as the parent material and the 
treated sample was treated as the product. The peak at 2916 cm
-1
, which corresponds to 
aliphatic CH bonds, was used to normalize the spectra to the software default value of 
1.5. 
 
Quantitative FTIR transmission spectra of the samples were obtained using the six pellets 
for each one of the samples.   A background was scanned before analyzing the samples and 
subtracted from the sample spectra. Figures 1 and 2 show spectral comparisons of the averages 
for the parent and product materials identified in Table 1. 
 
FTIR semi-quantitative peak area comparisons of each set were performed.  Tables 3- 
5 show the peak area measurements for each of the pellets for Samples A02252011, 
B02252011 and C02252011 as described in Table 1 along with the average and standard 
deviation for each peak of the sample.  Tables 6 and 7 compare peak areas for each set of 
samples.  For instances where the difference between corresponding parent and product peak 
areas is greater than twice the standard deviation of the parent material, the peak is highlighted 
in yellow. 
 
 
 
 
 
 
 
Ambar Montero.                                                                     Craig N. Eatough, Ph.D. Lab 
Manager                                                                          President 
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Figure 1. Overlaid Figure of Untreated Sample 1 A02252011 with Treated Sample 1 B02252011 
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Figure 2. Overlaid Figure of Untreated Sample 1 A02252011 with Treated sample 2 C02252011 
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Table 3.  Sample A02252011 FTIR results. 
 
Wave# Peak test 1 test 2 test 3 test 4 test 5 test 6 mean stdev 
 
3046 
 
aromatic 
CH 
 
7.3503 
 
6.7111 
 
7.5800 
 
7.5816 
 
7.0711 
 
7.4283 
 
7.2871 
 
0.3391 
 
2916 
 
aliphatic 
CH 
 
42.4942 
 
43.5937 
 
44.0211 
 
43.6186 
 
43.4096 
 
43.7634 
 
43.4834 
 
0.5257 
 
2852 
 
alkane, aldehyde 
 
10.3623 
 
10.5791 
 
10.3924 
 
10.1565 
 
11.1405 
 
10.3812 
 
10.5020 
 
0.3403 
 
1731 
 
carbonyl 
 
5.4314 
 
5.5020 
 
5.7116 
 
5.2456 
 
6.0821 
 
5.6927 
 
5.6109 
 
0.2886 
 
1692 
 
alkenes, aldehydes, 
ketones, amides 
 
0.6685 
 
0.6290 
 
0.7680 
 
0.7668 
 
0.9532 
 
0.7922 
 
0.7630 
 
0.1131 
 
1595 
aromatic ring enhanced 
by OH bonded C=O 
group 
 
40.5396 
 
43.4578 
 
39.1072 
 
41.7931 
 
31.5185 
 
40.2390 
 
39.4425 
 
4.1566 
 
1489 
 
alkane, aromatic 
 
3.1904 
 
2.9066 
 
2.9292 
 
3.1027 
 
2.4440 
 
2.9787 
 
2.9253 
 
0.2595 
 
1438 
 
aliphatic CH2 and CH3 
 
21.0378 
 
20.3029 
 
21.7229 
 
21.3066 
 
20.3769 
 
22.1144 
 
21.1436 
 
0.7226 
 
1371 
 
cyclic 
CH2 
 
1.4004 
 
1.2017 
 
1.2051 
 
1.0674 
 
1.1826 
 
1.1949 
 
1.2087 
 
0.1074 
 
1093 
 
ethers, 
esters 
 
169.8144 
 
179.1332 
 
192.6906 
 
189.6957 
 
186.3891 
 
199.9812 
 
186.2840 
 
10.6084 
 
858 
 
polycyclic aromatic 
skeletal structure 
 
6.1961 
 
6.1092 
 
6.6820 
 
6.3099 
 
6.0887 
 
6.5504 
 
6.3227 
 
0.2439 
 
751 
 
polycyclic aromatic 
skeletal structure 
 
17.5749 
 
15.4674 
 
15.9203 
 
16.6344 
 
14.6164 
 
16.4228 
 
16.1060 
 
1.0197 
 
696 
 
aromatic substitution 
 
28.8033 
 
28.3602 
 
29.4197 
 
30.2617 
 
27.1491 
 
29.8071 
 
28.9669 
 
1.1213 
 
534 
carboxyl groups, 
thiophenes, 
heterocyclics 
 
6.8704 
 
4.9643 
 
5.2499 
 
5.6522 
 
4.2379 
 
5.3100 
 
5.3808 
 
0.8711 
 
467 
branched and cyclo-
alkanes and 
aliphatic ethers 
 
13.8888 
 
13.8888 
 
15.6227 
 
15.8939 
 
16.7593 
 
12.5356 
 
14.7649 
 
1.5807 
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Table 4.  Sample B02252011 FTIR results. 
 
Wave Peak test 1 test 2 test 3 test 4 test 5 test 6 mean stdev 
 
3046 
 
aromatic 
CH 
 
10.2010 
 
10.2183 
 
9.6143 
 
9.6924 
 
10.0528 
 
10.0642 
 
9.9738 
 
0.2585 
 
2916 
 
aliphatic 
CH 
 
43.6800 
 
43.5002 
 
41.6966 
 
43.4856 
 
44.5002 
 
44.0358 
 
43.4831 
 
0.9561 
 
2852 
 
alkane, aldehyde 
 
8.9988 
 
9.1235 
 
9.0517 
 
9.1690 
 
8.9750 
 
8.5964 
 
8.9857 
 
0.2043 
 
1731 
 
Carbonyl 
 
7.3360 
 
7.5843 
 
7.3251 
 
7.1756 
 
7.7785 
 
7.4087 
 
7.4347 
 
0.2145 
 
1692 
 
alkenes, aldehydes, 
ketones, amides 
 
0.6970 
 
0.7511 
 
0.5414 
 
0.7540 
 
0.7052 
 
0.7146 
 
0.6939 
 
0.0784 
 
1595 
aromatic ring enhanced 
by OH bonded C=O 
group 
 
67.0352 
 
66.9218 
 
64.7489 
 
69.4290 
 
66.3684 
 
69.2787 
 
67.2970 
 
1.7909 
 
1489 
 
alkane, aromatic 
 
4.2504 
 
4.3554 
 
4.1599 
 
4.2734 
 
4.5734 
 
4.2949 
 
4.3179 
 
0.1405 
 
1438 
 
aliphatic CH2 and CH3 
 
23.2462 
 
22.4834 
 
22.7660 
 
24.3693 
 
22.9414 
 
23.7162 
 
23.2538 
 
0.6910 
 
1371 
 
cyclic 
CH2 
 
1.6723 
 
1.5547 
 
1.5442 
 
1.5584 
 
1.6052 
 
1.5785 
 
1.5856 
 
0.0477 
 
1093 
 
ethers, 
esters 
 
297.0386 
 
293.1018 
 
305.4704 
 
310.8254 
 
300.9052 
 
308.5658 
 
302.6512 
 
6.8628 
 
858 
 
polycyclic aromatic 
skeletal structure 
 
6.5911 
 
6.6789 
 
6.4876 
 
6.3382 
 
6.9895 
 
6.7121 
 
6.6329 
 
0.2215 
 
751 
 
polycyclic aromatic 
skeletal structure 
 
23.2055 
 
22.8296 
 
22.7264 
 
23.6927 
 
23.4896 
 
23.4620 
 
23.2343 
 
0.3872 
 
696 
 
aromatic substitution 
 
40.9574 
 
40.3638 
 
40.0129 
 
41.9011 
 
41.9839 
 
41.4422 
 
41.1102 
 
0.8104 
 
534 
carboxyl groups, 
thiophenes, 
heterocyclics 
 
8.2460 
 
7.9094 
 
8.0180 
 
8.9168 
 
8.4238 
 
8.5335 
 
8.3413 
 
0.3674 
 
467 
branched and cyclo-
alkanes and aliphatic 
ethers 
 
19.6506 
 
17.6980 
 
20.0453 
 
21.2437 
 
18.6525 
 
20.6774 
 
19.6613 
 
1.3081 
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Table 5.  Sample C02252011 FTIR results. 
 
Wave Peak test 1 test 2 test 3 test 4 test 5 test 6 mean stdev 
 
3046 
 
aromatic 
CH 
 
4.4204 
 
4.5165 
 
4.3418 
 
4.3092 
 
4.7771 
 
4.8305 
 
4.5326 
 
0.2226 
 
2916 
 
aliphatic 
CH 
 
42.2296 
 
45.0213 
 
42.1747 
 
43.8523 
 
43.5241 
 
44.0983 
 
43.4834 
 
1.1105 
 
2852 
 
alkane, aldehyde 
 
10.5171 
 
10.7126 
 
10.1526 
 
10.5780 
 
10.6721 
 
10.9412 
 
10.5956 
 
0.2614 
 
1731 
 
carbonyl 
 
0.3733 
 
0.4047 
 
0.4492 
 
0.3123 
 
0.6150 
 
0.4611 
 
0.4359 
 
0.1030 
 
1692 
 
alkenes, aldehydes, 
ketones, amides 
 
1.0218 
 
1.0679 
 
0.8902 
 
1.0694 
 
1.4144 
 
1.1272 
 
1.0985 
 
0.1742 
 
1595 
aromatic ring enhanced 
by OH bonded 
C=O 
 
28.6152 
 
28.5304 
 
29.8810 
 
30.7604 
 
28.6344 
 
28.2795 
 
29.1168 
 
0.9813 
 
1489 
 
alkane, aromatic 
 
2.5205 
 
2.4014 
 
2.3212 
 
2.5301 
 
2.4975 
 
2.4052 
 
2.4460 
 
0.0831 
 
1438 
 
aliphatic CH2 and CH3 
 
14.9072 
 
14.8983 
 
14.5367 
 
15.4299 
 
16.0982 
 
14.8812 
 
15.1253 
 
0.5558 
 
1371 
 
cyclic 
CH2 
 
0.9928 
 
0.9357 
 
1.0015 
 
1.0099 
 
0.9750 
 
0.9877 
 
0.9838 
 
0.0264 
 
1093 
 
ethers, 
esters 
 
162.9103 
 
162.7778 
 
161.2924 
 
164.7481 
 
174.0306 
 
160.0130 
 
164.2954 
 
5.0311 
 
858 
 
polycyclic aromatic 
skeletal structure 
 
6.6480 
 
6.7609 
 
6.5598 
 
7.0628 
 
7.3006 
 
6.8976 
 
6.8716 
 
0.2760 
 
751 
 
polycyclic aromatic 
skeletal structure 
 
8.7743 
 
8.2062 
 
8.1931 
 
8.3839 
 
9.1019 
 
8.5029 
 
8.5271 
 
0.3542 
 
696 
 
aromatic substitution 
 
14.8104 
 
14.4067 
 
14.2451 
 
15.1108 
 
15.6189 
 
14.6020 
 
14.7990 
 
0.5038 
 
534 
carboxyl groups, 
thiophenes, 
heterocyclics 
 
5.3847 
 
4.8554 
 
5.1175 
 
4.5137 
 
5.4075 
 
5.0300 
 
5.0515 
 
0.3377 
 
467 
branched and cyclo-
alkanes and aliphatic 
ethers 
 
13.9450 
 
13.7032 
 
13.2970 
 
15.0281 
 
14.9342 
 
13.4614 
 
14.0615 
 
0.7460 
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Table 6. Comparison of Sample A02252011 and Sample B02252011. 
Absorption
peak wave 
number in 
cm
-1
Possible peak 
identification
Average peak 
area for 
parent
Average peak 
area for 
product Difference
2x
parent
stdev
3046 aromatic CH 7.2871 9.9738 2.6868 0.6781
2916 aliphatic CH 43.4834 43.4831 0.0003 1.0515
2852 alkane, aldehyde 10.5020 8.9857 1.5163 0.6806
1731 carbonyl 5.6109 7.4347 1.8238 0.5771
1692
alkenes, aldehydes, 
ketones, amides 0.7630 0.6939 0.0691 0.2261
1595
aromatic ring 
enhanced by OH
bonded C=O 39.4425 67.2970 27.854 8.3132
1489 alkane, aromatic 2.9253 4.3179 1.3926 0.5189
1438 aliphatic CH2 and CH3 21.1436 23.2538 2.1102 1.4451
1371 cyclic CH2 1.2087 1.5856 0.3769 0.2147
1093 ethers, esters 186.2840 302.6512 116.37 21.216
858
polycyclic aromatic 
skeletal structure 6.3227 6.6329 0.3102 0.4878
751
polycyclic aromatic 
skeletal 
structure 16.1060 23.2343 7.1283 2.0393
696 aromatic substitution 28.9669 41.1102 12.143 2.2426
534
carboxyl groups, 
thiophenes,
heterocyclics 5.3808 8.3413 2.9605 1.7422
467
branched and cyclo-
alkanes
and aliphatic 
ethers 14.7649 19.6613 4.3375 3.1613
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Table 7. Comparison of Sample A02252011 with Sample C02252011. 
Absorption
peak wave 
number in 
cm
-1
Possible peak 
identification
Average peak 
area for 
parent
Average peak 
area for 
product Difference
2x
parent
stdev
3046 aromatic CH 7.2871 4.5326 2.75448 0.6781
2916 aliphatic CH 43.4834 43.4834 0.0000 1.0515
2852 alkane, aldehyde 10.5020 10.5956 0.0936 0.6806
1731 carbonyl 5.6109 0.4359 5.17497 0.5771
1692
alkenes, aldehydes, 
ketones, amides 0.7630 1.0985 0.3355 0.2261
1595
aromatic ring 
enhanced by OH
bonded C=O 
group 39.4425 29.1168 10.3257 8.3132
1489 alkane, aromatic 2.9253 2.4460 0.47928 0.5189
1438 aliphatic CH2 and CH3 21.1436 15.1253 6.01833 1.4451
1371 cyclic CH2 1.2087 0.9838 0.22492 0.2147
1093 ethers, esters 186.2840 164.2954 21.9887 21.216
858
polycyclic aromatic 
skeletal structure 6.3227 6.8716 0.5489 0.4878
751
polycyclic aromatic 
skeletal 
structure 16.1060 8.5271 7.57898 2.0393
696 aromatic substitution 28.9669 14.7990 14.1679 2.2426
534
carboxyl groups, 
thiophenes,
heterocyclics 5.3808 5.0515 0.32932 1.7422
467
branched and cyclo-
alkanes
and aliphatic 
h
14.7649 14.0615 1.26225 3.1613
!
!
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1453 West 820 North 
Provo, Utah 84601 
801-370-0654 
 
Certificate of Analysis 
 
 
 
The University of Mississippi                                                                   LTN's 19671, 19672, 19673 
Dr. Wei Yin Chen                                                                                        Date Received: 03-02-2011 
Chemical Engineering Department                                                          Date Completed: 03-09-2011 
Anderson Hall Rm 134 
Oxford. MS 38677 
 
 
 
 
 
Sample Name:       Untreated Sample 2 (D02252011)          LTN: 19671           Sample Type: Biochar 
 
Parameter Analysis Method Analysis Date Result As Received Units 
Ash ASTM D-5142 8-Mar 18.33 wt. % 
Carbon ASTM D-5373 7-Mar 70.38 wt. % 
Fixed Carbon ASTM D-5142 8-Mar 65.14 wt. % 
Heating Value ASTM D-5865 8-Mar 10928 BTU/lb. 
Hydrogen ASTM D-5373 7-Mar 2.31 wt. % 
Total Moisture ASTM D-5142 8-Mar 5.49 wt. % 
Nitrogen ASTM D-5373 7-Mar 0.66 wt. % 
Oxygen ASTM D-3176  8.25 wt. % 
Sulfur, Total ASTM D-4239 8-Mar 0.07 wt. % 
Volatile Matter ASTM D-5142 8-Mar 11.05 wt. % 
 
Sample Name:       Treated Sample 3 (E02252011)              LTN: 19672           Sample Type: Biochar 
 
Parameter Analysis Method Analysis Date Result As Received Units 
Ash ASTM D-5142 8-Mar 12.27 wt. % 
Carbon ASTM D-5373 7-Mar 74.81 wt. % 
Fixed Carbon ASTM D-5142 8-Mar 68.31 wt. % 
Heating Value ASTM D-5865 8-Mar 11849 BTU/lb. 
Hydrogen ASTM D-5373 7-Mar 2.78 wt. % 
Total Moisture ASTM D-5142 8-Mar 5.32 wt. % 
Nitrogen ASTM D-5373 7-Mar 0.76 wt. % 
Oxygen ASTM D-3176  9.31 wt. % 
Sulfur, Total ASTM D-4239 8-Mar 0.07 wt. % 
Volatile Matter ASTM D-5142 8-Mar 14.10 wt. % 
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Sample Name:       Treated Sample 4 (F02252011)              LTN: 19673           Sample Type: Biochar 
 
Parameter Analysis Method Analysis Date Result As Received Units 
Ash ASTM D-5142 8-Mar 13.45 wt. % 
Carbon ASTM D-5373 7-Mar 73.75 wt. % 
Fixed Carbon ASTM D-5142 8-Mar 68.15 wt. % 
Heating Value ASTM D-5865 8-Mar 11428 BTU/lb. 
Hydrogen ASTM D-5373 7-Mar 2.25 wt. % 
Total Moisture ASTM D-5142 8-Mar 5.69 wt. % 
Nitrogen ASTM D-5373 7-Mar 0.66 wt. % 
Oxygen ASTM D-3176  9.81 wt. % 
Sulfur, Total ASTM D-4239 8-Mar 0.08 wt. % 
Volatile Matter ASTM D-5142 8-Mar 12.70 wt. % 
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ombustion 
esources 
Inc. 
 
1453 West 820 North 
Provo, Utah 84601 
801-370-0654 
 
 
                                                                   Certificate of Analysis   
 
The University of Mississippi                                                                   LTN's 19581, 19582 
Dr. Wei Yin Chen                                                                                        Date Received: 10-25-2010 
Chemical Engineering Department                                                          Date Completed: 11-03-2010 
Anderson Hall Rm 134 
Oxford. MS 38677 
 
Sample Name:       Untreated Biochar (D10202010)             LTN: 19581           Sample Type: Biochar 
 
Parameter Analysis Method Analysis Date Result As Received Units 
Ash ASTM D-5142 2-Nov 29.35 wt. % 
Carbon ASTM D-5373 28-Oct 55.40 wt. % 
Fixed Carbon ASTM D-5142 2-Nov 46.42 wt. % 
Heating Value ASTM D-5865 2-Nov 8686 BTU/lb. 
Hydrogen ASTM D-5373 28-Oct 1.72 wt. % 
Total Moisture ASTM D-5142 2-Nov 6.95 wt. % 
Nitrogen ASTM D-5373 28-Oct 0.61 wt. % 
Oxygen ASTM D-3176  12.84 wt. % 
Sulfur, Total ASTM D-4239 2-Nov 0.08 wt. % 
Volatile Matter ASTM D-5142 2-Nov 17.28 wt. % 
Sample Name:       Treated Biochar (E10202010)                 LTN: 19582           Sample Type: Biochar 
 
Parameter Analysis Method Analysis Date Result As Received Units 
Ash ASTM D-5142 2-Nov 22.56 wt. % 
Carbon ASTM D-5373 28-Oct 62.40 wt. % 
Fixed Carbon ASTM D-5142 2-Nov 55.53 wt. % 
Heating Value ASTM D-5865 2-Nov 10376 BTU/lb. 
Hydrogen ASTM D-5373 28-Oct 2.71 wt. % 
Total Moisture ASTM D-5142 2-Nov 5.66 wt. % 
Nitrogen ASTM D-5373 28-Oct 0.81 wt. % 
Oxygen ASTM D-3176  11.52 wt. % 
Sulfur, Total ASTM D-4239 2-Nov < 0.05 wt. % 
Volatile Matter ASTM D-5142 2-Nov 16.25 wt. % 
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D1-1 Metal Analysis (Silicon and Titanium contents) in parent and treated biochar  
 (See Attached) 
D1-2 Metal Analysis (Potassium, Sodium and Silica contents) in parent and treated 
biochar (See Attached) 
D1-3 Mathcad Calculation (See Attached) 
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Laboratory Report 
 
 
 
Report prepared for: 
Wei-Yin Chen 
Univ of Mississippi 
Chem Eng Dept 
134 Anderson Hall 
University, MS 38677 
Phone:   662-915-5651 
Email:    cmchengs@olemiss.edu 
Report prepared by: 
Pat B Delozier 
 
Purchase Order: 
4500194872 
 
For further assistance, contact: 
Pat B Delozier 
Report Production Coordinator 
PO Box 51610 
Knoxville, TN 37950-1610 
(865) 546-1335 
patdelozier@galbraith.com 
 
Sample: 
Lab ID: 
A04132011 
2011-N-8484 
 
 
Received: 
 
 
2011-04-15 
 
Analysis Method Result Basis Amount Date (Time) 
K : Potassium     
 GLI Procedure ME-70 5.75 % As Received 55.71 mg 2011-04-26 
Na : Sodium      
 GLI Procedure ME-70 603 ppm As Received 55.71 mg 2011-04-26 
Si : Silicon      
 GLI Procedure ME-70 8.71 % As Received 55.71 mg 2011-04-26 
 
 
Sample: 
Lab ID: 
B04132011 
2011-N-8485 
 
 
Received: 
 
 
2011-04-15 
 
Analysis Method Result Basis Amount Date (Time) 
K : Potassium     
 GLI Procedure ME-70 0.914 % As Received 59.40 mg 2011-04-26 
Na : Sodium      
 GLI Procedure ME-70 < 445 ppm As Received 59.40 mg 2011-04-26 
Si : Silicon      
 GLI Procedure ME-70 4.65 % As Received 59.40 mg 2011-04-26 
 
 
Sample: 
Lab ID: 
C04132011 
2011-N-8486 
 
 
Received: 
 
 
2011-04-15 
 
Analysis Method Result Basis Amount Date (Time) 
K : Potassium     
 GLI Procedure ME-70 0.779 % As Received 64.37 mg 2011-04-26 
Na : Sodium      
 GLI Procedure ME-70 < 411 ppm As Received 64.37 mg 2011-04-26 
Si : Silicon      
 GLI Procedure ME-70 4.34 % As Received 64.37 mg 2011-04-26 
 Report Number: 31968 Report Date: 2011-05-02 
Copyright 2011 Galbraith Laboratories, Inc. Reported 
results are only applicable to the item tested. 
This report shall not be reproduced, except in full, without the written approval of the laboratory. 
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Sample: 
Lab ID: 
AF04132011 
2011-N-8487 
 
 
Received: 
 
 
2011-04-15 
 
Analysis Method Result Basis Amount Date (Time) 
K : Potassium     
 GLI Procedure ME-70 < 5.0 ppm As Received 1007.41 mg 2011-05-02 
Na : Sodium      
 GLI Procedure ME-70 < 5.0 ppm As Received 1007.41 mg 2011-05-02 
Si : Silicon      
 GLI Procedure ME-70 5.9 ppm As Received 1007.41 mg 2011-05-02 
 
 
Sample: 
Lab ID: 
BF04132011 
2011-N-8488 
 
 
Received: 
 
 
2011-04-15 
 
Analysis Method Result Basis Amount Date (Time) 
K : Potassium     
 GLI Procedure ME-70 445 ppm As Received 998.21 mg 2011-05-02 
Na : Sodium      
 GLI Procedure ME-70 < 5.1 ppm As Received 998.21 mg 2011-05-02 
Si : Silicon      
 GLI Procedure ME-70 44 ppm As Received 998.21 mg 2011-05-02 
 
 
Sample: 
Lab ID: 
CF04132011 
2011-N-8489 
 
 
Received: 
 
 
2011-04-15 
 
Analysis Method Result Basis Amount Date (Time) 
K : Potassium     
 GLI Procedure ME-70 440 ppm As Received 999.38 mg 2011-05-02 
Na : Sodium      
 GLI Procedure ME-70 5.1 ppm As Received 999.38 mg 2011-05-02 
Si : Silicon      
 GLI Procedure ME-70 58 ppm As Received 999.38 mg 2011-05-02 
 
 
 
 
Signatures: 
Published By:            pat.b.delozier                                                                                                                       2011-05-02T20:14:05.073-04:00 
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6
 
Mathcad Calculations 
 
ppm      ml  0.001L 
 
Result from Galbraith Laboratory 
 
KRmf  5.75% 
 
NaRmf  603ppm 
 
SiRmf  8.71%
 
TRamt  3000mg TTamt  3000mg TPamt  3000mg 
 
Raw Biochar 
 
KR  KRmf TRamt  172.5 mg 
 
 
NaR  NaRmf TRamt  1.809 mg 
 
 
 
SiR  SiRmfTRamt  261.3 mg 
 
 
Thermally treated 
mass of potassium in raw biochar basis: 
55.71mg 
 
 
mass of sodium in raw biochar basis: 
55.71mg 
 
 
mass of silicon in raw biochar basis: 
55.71mg 
 
 
KTmf  0.914% NaTmf  445ppm SiTmf  4.65% 
The above concentration are for 59.40mg of samples. The concentration at 55.71mg were calculated 
below for comparison 
 
 
 
KT  KTmf TTamt  27.42 mg
mass of potassium in Therm_Treated 
biochar basis: 55.71mg 
 
 
NaT  NaTmf TTamt  1.335 mg
mass of sodium in Therm_Treated biochar 
basis: 55.71mg 
 
 
SiT  SiTmf TTamt  139.5 mg 
mass of silicon in Therm_Treated biochar 
basis: 55.71mg 
 
 
Photochemical treated 
 
 
KPmf  0.779% NaPmf  411ppm SiPmf  4.34% 
 
 
KP  KPmf TPamt  23.37 mg 
mass of potassium in Photo_Treated biochar 
basis: 55.71mg 
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NaP  NaPmf TPamt  1.233 mg mass of sodium in Photo_Treated biochar 
basis: 55.71mg 
 
 
SiP  SiPmf TPamt  130.2 mg mass of silicon in Photo_Treated biochar 
basis: 55.71mg 
 
 
Results from combustion Resources 
 
R1biochar  18.33% T1biochar  12.27% P1biochar  13.45% 
 
AshRB  R1biochar TRamt  549.9 mg 
Amount of Ash in 55.71mg of raw Biochar 
 
 
AshTB  T1biochar TTamt  368.1 mg 
Amount of Ash in 55.71mg of Therm 
Biochar 
 
 
AshPB  P1biochar TPamt  403.5 mg 
Amount of Ash in 55.71mg of Photo 
Biochar 
 
 
Total Mineral Content in Filterates of the two treated samples 
 
 
TminTB  AshRB  AshTB  181.8 mg 
 
 
TminPB  AshRB  AshPB  146.4 mg 
 
Mineral Content in the Filterate and Treated Biochar 
 
 
1. Percent of Mineral lost to Liquid Phase 
 
TminTB 
Percent_TT 
AshRB 
 33.061 % 
 
 
Percent_PT 
TminPB 
AshRB 
 
 26.623 % 
 
 
2. Percent of Mineral Retained to Solid Phase 
 
AshTB 
Percent_TTS 
AshRB 
 66.939 % 
 
 
Percent_PTS 
AshPB
AshRB 
 
 73.377 % 
 
 
 
250ml of deionized water added to the biochar and after each treatment contained: 
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Mineral Content in Blank Solvent (Deionized water) from galbraith results  (Thermal) 
 
KBF  5ppm NaBF  5ppm SiBF 5.9ppm 
 
 
MBF  1007.41mg Vol  250ml 
 
mg
water  1000 
ml 
mg 
etoh  789 
ml 
 
 
total 
10 
250 
 
etoh 
240 
250 
mg 
water  991.56
ml 
 
Mass of K, Na and Si in Blank Filterate 
 
 
MassKB  KBF Vol total  1.239 mg 
 
MassNaB  NaBF Vol total  1.239 mg 
 
MassSiB  SiBF Vol total  1.463 mg 
 
 
Total_Mass_KNaSiB  MassKB  MassNaB  MassSiB  3.941 mg 
 
 
Mineral Content in Filterate from Thermally treated process from galbraith results   
 
KTF  445ppm NaTF  5.1ppm SiTF  44ppm 
 
MTF  998.21mg 
 
Mass of K, Na and Si in theramlly Treated Filterate 
 
Mass1KT  KTF Vol total  110.311 mg 
 
MassKT  Mass1KT  MassKB  109.072 mg 
 
Mass1NaT  NaTF Vol total  1.264 mg 
 
MassNaT  Mass1NaT  MassNaB  0.025 mg 
 
Mass1SiT  SiTF Vol total  10.907 mg 
 
MassSiT  Mass1SiT  MassSiB  9.445 mg 
 
Total_Mass_KNaSiT  MassKT  MassNaT  MassSiT  118.541 mg 
 
Mineral Content in Filterate from Photochemically treated process from galbraith results   
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KPF  440ppm NaPF  5.1ppm SiPF  58ppm 
 
MPF  999.38mg 
 
Mass of K, Na and Si in photochemically Treated Filterate 
 
 
Mass1KP  KPF Vol total  109.072 mg 
MassKP  Mass1KP  MassKB  107.832 mg 
 
 
Mass1NaP  NaPF Vol total  1.264 mg 
 
 
MassNaP  Mass1NaP  MassNaB  0.025 mg 
 
Mass1SiP  SiPF Vol total  14.378 mg 
 
 
MassSiP  Mass1SiP  MassSiB  12.915 mg 
 
 
Total_Mass_KNaSiP  MassKP  MassNaP  MassSiP  120.772 mg 
 
 
 
 
Total mass of K, Na and Si in Thermally treated Biochar
 
 
TTB  KT  NaT  SiT  168.255 mg
 
Total mass of K, Na and Si in Photochemically treated Biochar 
 
 
TPB  KP  NaP  SiP  154.803 mg 
 
 
Total mass of K, Na and Si in Raw treated Biochar 
 
 
TRB  KR  NaR  SiR  435.609 mg 
 
Total mass of K, Na and Si in Thermally treated Biochar and Filterate 
 
 
TotalT  Total_Mass_KNaSiT   TTB  286.796 mg 
 
Total mass of K, Na and Si in Photochemically treated Biochar and Filterate 
 
 
TotalP  Total_Mass_KNaSiP   TPB  275.575 mg 
 
 
Percent of Potassim in Liquid Phases 
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Thermal Process 
 
Percent_Liq_K_TT 
MassKT 
MassKT  KT 
 
 
 
 79.911 % 
 
 
 
Photochemical Process 
 
MassKP 
Percent_Liq_K_PT 
MassKP  KP 
 
 
 
 82.188 % 
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E1-1 BET Surface area analysis (See Attached) 
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VITA 
I Eneruvie Uyoyou Okinedo started my early career as a process engineer with Foster 
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engineering at the University of Mississippi and in January 2010 I came in for the afore 
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In the future I hope to continue with the ultimate goal of a doctorate degree with a 
view of consolidating on the findings contained in my master’s thesis and going on to more 
challenging areas of research under energy and climate change mitigation. 
 
